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SUMMARY

Wetlands are among the most productive environments in the world. Around 6% of
the Earth's land surface is covered by wetlands, which are key to preserving
biodiversity. Wetlands provide multiple services like a source for water supply and a
shelter for numerous species of fauna and flora. Wetlands are therefore of immense
socio-economic as well as ecological importance. In this research the focus was on the
Abras de Mantequilla (AdM) wetland, a tropical wetland system that belongs to the
most important coastal river basin of Ecuador. It was declared a Ramsar site in 2000
and was the South American case of the EU-FP7 WETwin project, which provided
the starting point of this thesis. A range of tools and approaches was used to develop
a knowledge base for the AdM wetland. The research involved a combination of
primary data collection (two fieldwork campaigns), secondary data acquisition (from
literature), multivariate analyses, and numerical modelling approaches to explore the
characteristics of the wetland system in terms of hydrological conditions,
hydrodynamic patterns, biotic communities, chemical and ecological processes and
fish-habitat suitability.

The AdM wetland is subject to hydrological conditions that exhibit a clear seasonal
variability. Annual precipitation may vary from relatively dry conditions to
extremely wet events during El Nifio years. Moreover, there are clear connections
between the AdM wetland and the contributing river system with its tributaries. As a
consequence, water depth and inundated area in the wetland exhibit extreme
changes during the year: from low depths and almost stagnant conditions during the
dry season (May-December) to a very dynamic system during the wet season
(January-April). The main source of inflow into the wetland was found to be the
Nuevo River (86%). Also, the timing of peak discharges was seen to vary from year
to year, but occurred usually during the months of February and March. The
inundation volumes and areas were seen to vary by more than a factor of three
between dry and wet years. As a result, the wetland is experiencing large variations
in inundation area (from 5 to 27 km?), water depth (from 0.4 to 9 m) and flow
velocities (up to 0.9 m/s). Overall, it can be concluded that the wetland is a highly

dynamic system in terms of its hydrological forcing and hydrodynamic response.

Main physico-chemical and ecological wetland processes were identified by
performing Principal Component Analyses (PCAs). Key variables for the water
column were found to be temperature, total suspended solids, DO, turbidity,

alkalinity, nitrogen and phosphorus (organic and inorganic), as well as the Redfield
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ratio (N/P). During high inundation conditions, silicates and flow velocity were also
found to be of relevance. For sediments, sand and silt, nitrogen and phosphorus
content (inorganic and organic), organic matter and organic carbon were the most
influencing, due to their higher correlations with the PC components. The system
shows a clear environmental gradient, divided into river sites with higher
concentrations of DO, TSS, organic phosphorus, higher N/P ratios and flow velocities
and wetland sites with higher concentrations of organic nitrogen, alkalinity,

chlorophyll-a, turbidity.

Dominant key species in the AdM wetland system were obtained from field
measurement campaigns by evaluating the densities and distribution of the taxa
collected for the different biotic assemblages. Clear differences in densities were
observed between sites located in the wetland area itself (lentic sites) and in the
inflow areas (lotic sites). Higher densities of zooplankton, macro-invertebrates and
fish were observed in the middle area where higher retention times occurred. Higher
nutrient concentrations were observed at the inflow areas. Phyto- and zooplankton
communities showed an inverse pattern: at the inflows, phytoplankton had high
densities, while zooplankton had low densities, while in the middle area,
zooplankton densities as well as macro-invertebrates and fish were found to be

higher.

Fish was found to be dominated by the family Characidae during both campaigns.
Species of this family are largely widespread in the neotropics and are mainly
omnivorous and of small size. The dominance of these omnivorous fish species is
important because they are a source of food for carnivorous fish and important for
migratory birds. In general, the wetland is dominated by few macro-invertebrate
species, a pattern that was observed as well for both phytoplankton and zooplankton
assemblages. A range of 4 to 8 species usually contributed more than 70% of the total
community density, while a high number of species are present in percentages lower
than 3%. This dominance pattern has been observed in other tropical areas as well.
The fact that small organisms dominate the zooplankton community reflects that the
community is experiencing a high predation rate by fish. This was confirmed when
secondary temporal data of zooplankton was analysed, showing that small
specimens also dominated the community during other months of the year. This
shows the importance of zooplankton supporting the next trophic level of fish, which
in turn is an important food source for endemic and migratory birds. The importance
of the AdM wetland as a bird sanctuary supporting the bird fauna was a central

motivation to declare this area a Ramsar site in 2000.
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From a clustering and ordination analysis, the distribution patterns of the biotic
communities were found to show a clear separation between river and wetland sites.
However, the similarity levels varied according to the biotic community. Similarity
levels that produce these two main clusters (river/wetland) were generally around
20% for all communities during both conditions. Nevertheless, a more detailed
inspection revealed that the similarities at which initial splits occurred for planktonic
pelagic communities were always lower than the ones of littoral communities. This
zonation indicates that littoral communities are more similar than planktonic

communities that are driven by the flow and therefore experience more mixing.

From a SIMPER analysis, different species from different biotic communities were
found to be key discriminators between wetland areas. These species are related to
the particular environmental conditions (physico-chemical and hydrodynamic) in the
respective wetland zones. As a key outcome it was found that average dissimilarities
between wetland areas were lower during high inundation conditions than during
low inundation conditions for all biotic groups but fish. This reflects a more
homogeneous system in terms of species distribution when the wetland is at its

maximum inundation capacity.

A multivariate analysis of biotic and abiotic variables resulted in achieving a better
understanding of the most important environmental factors influencing the biotic
communities distribution and the overall functioning of the river and wetland
ecosystems. Flow velocity and sediment type (river or wetland) are influencing the
taxa distribution, their abundance, richness and diversity. The riverine sites with
sandy substrates and high velocities had lower species richness and abundance than
the wetland sites with fine particle substrate (silt, clay) and low velocities. Even
though both ecosystems share some species mostly because of river and wetland
connectivity, the highest densities and number of taxa were found in the wetland

sites.

The AdM wetland exhibits concentrations of nutrients and primary production in the
range of other tropical systems and can be classified as a mesotrophic system.
Temporal analyses indicate that generally the wet season is characterized by higher
concentrations of nutrients, primary producers and consumers. Spatial analyses
indicate that nutrient concentrations in the wetland areas are influenced by the
nearest inflows. Thus, upper and middle wetland areas are more affected by the

discharge of the El Recuerdo River, and lower wetland areas by the Nuevo River.
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A mass balance analysis implemented with the eco-model was a key tool to describe
the main processes ruling the wetland functioning. Processes such as denitrification
were found to be not important compared with external loads, perhaps due to the
constant oxygenated conditions, gaining slightly in importance only during driest
scenarios. Sedimentation processes for nutrients and primary producers were found
to be low, most probably influenced by the dynamics of the system in combination
with the high grazing rates. Processes associated with primary production indicate
that grazing is the key processes controlling algae biomass in the water column.
Algae sedimentation and mortality also play a role but to a lesser extent. Results of
numerical simulations also indicate that nutrient availability does not appear as a
limiting factor for algae growth. Thus, algae limitation was more linked to growth
limitation due to grazing pressure, rather than nutrient availability. Therefore, results
suggested that this wetland system might be governed by a top-down force (grazing)

rather than by bottom-up nutrient availability.

The spatio-temporal variability of fish was explored by performing a habitat
suitability analysis for the overall fish community in AdM wetland. Major
environmental variables defining the presence of fish communities in water systems
are the hydrodynamic variables: water depth and flow velocity. Response curves for
these variables were built based on field sampling and literature survey. The suitable
areas were calculated for different hydrological conditions and scenarios. Spatial
zonation defined the areas close to the main inflow as the ones providing better
habitat conditions, and areas related to Chojampe subbasin as the ones that will
require special attention in terms of wetland management. Based on the results of the
present study, it is recommended to secure the timing and magnitude of natural
flows especially during periods with higher percentage of suitable areas (high flows
during the wet season), since this period is crucial to foment the spawning and
development of fish community. Although hydrodynamic variables were useful for
an initial fish-habitat assessment, other physical, chemical and biotic variables do
play an important role as well and therefore should be included in an integrated
ecological habitat assessment. In this regard, the habitat tool developed for this study

is quite flexible for adding more variables and their corresponding rules.

On a general note, numerical models were crucial in understanding the
hydrodynamics and natural inundation variability of this wetland system. The
relative importance of the different inflows can be derived and different hydrological
conditions explored. From the chemical perspective, numerical models have shown

that comparing concentrations of water chemistry variables was not enough to
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identify changes due to different inflow conditions. Assessing the system in terms of
yearly mass balances provided a more clear perspective how different inflow
conditions affect the different water variables. Numerical modelling results revealed
that the AdM system is dominated by top down zooplankton grazing, rather than
bottom-up nutrient availability. Sedimentation and mortality of algae are secondary
processes influencing the algae standing biomass. The combination of field
measurements with numerical models were extremely useful and relevant during
this research and confirmed that they complement each other to obtain a better

understanding of the dynamics of freshwater river-wetland systems.

The implementation of management measures for the AdM wetland as proposed by
the WETwin project have not yet started. Local authorities are not involved and some
local farmers have even developed unfriendly measures against ‘birds spots” known
as ‘El Garzal’, which are a type of floating islands where aquatic birds build their
nests. Apparently, a couple of these spots were destroyed with the use of chemicals
and were not penalized by any authority. On the other hand, there is a group of local
farmers that is aware of the ecological importance of the wetland and performs
fisheries activities that are sustainable with the environment, e.g. using nets with
special mesh sizes in order not to capture the smaller fish. Ecotourism is still a main
activity for a few farmers in the main locality named ‘El Recuerdo’. Considering
flows and habitat conditions for fish communities, an initial measure could be to
maintain the timing and magnitude of the natural flow variability especially during
the periods with higher suitable habitat areas (February and March). This period is

crucial to promote the spawning and development of fish species.

The perception of local farmers about the upstream Baba dam is that it has not
affected the area as expected. The management of Abras de Mantequilla wetland
requires that not only local but also national authorities be involved in the
management of this valuable area. Studies like the present research can be used as a
way to develop more awareness about the environmental services of the wetland,
but will only be of minimal help if authorities themselves are not aware of the
importance of this wetland as a flora and fauna sanctuary. Awareness and
cooperation from all stakeholders is mandatory to work towards the sustainable

management of this valuable Ramsar site.
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SAMENVATTING

Wetlands behoren tot de meest productieve gebieden van de wereld. Zo'n 6% van
het aardoppervlak bestaat uit wetlands die van cruciaal belang zijn voor het in stand
houden van biodiversiteit. Wetlands dienen meerdere functies waaronder het
voorzien in zoet water en het bieden van onderdak aan talloze soorten van fauna en
flora. Vandaar dat wetlands van enorm socio-economisch en ecologisch belang zijn.
In dit onderzoek lag de nadruk op de Abras de Mantequilla (AdM) wetland, een van
de belangrijkste tropische stroomgebieden nabij de kust van Ecuador. Sinds 2000 is
AdM een Ramsar wetland en het diende als Zuid-Amerikaanse toepassing in het EU-
FP7 project WETwin, waarop het onderzoek in dit proefschrift voortbouwt. Hierin is
een scala aan technieken en benaderingen gebruikt om een kennissysteem te
ontwikkelen voor AdM. Daarbij is gebruik gemaakt van een combinatie van primaire
data collectie (twee meetcampagnes onder verschillende condities), secundaire data
collectie (uit de literatuur), multivariate analyses en numerieke modellering teneinde
de karakteristieke eigenschappen van het wetland vast te stellen in termen van
hydrologische condities, hydrodynamische respons, chemische en ecologische

processen, biotische structuren, en leefomgeving voor diverse vissoorten.

Het AdM wetland is onderhevig aan hydrologische condities die een duidelijke
seizoensinvloed vertonen. Op jaarbasis kan de neerslag variéren van relatief droge
condities tot extreem natte omstandigheden gedurende El Nifio jaren. Het AdM
wetland is sterk verbonden met het omringende riviersteem. Ten gevolge daarvan
vertonen waterdiepte en overstromingsoppervlakte sterke variaties gedurende het
jaar: van lage waterstanden en bijna stilstaand water in droge jaargetijden (Mei-
December) tot een zeer dynamisch systeem gedurende het natte seizoen (Januari-
April). De belangrijkste instroom van rivierwater komt van de Nuevo River (86%).
Hoewel de piekafvoeren per jaar kunnen verschillen vinden deze gewoonlijk in de
maanden Februari en Maart plaats. De overstromingscondities kunnen gemakkelijk
een factor drie verschillen tussen droge en natte jaren: in oppervlakte van 5 tot 27
km?, in waterdiepte van 0,4 tot 9 m, en in stroomsnelheid van 0 tot 0,9 m/s. Algemeen
kan gesteld worden dat het wetland systeem een sterk dynamisch gedrag vertoont in

termen van hydrologische condities en hydrodynamische respons.

De belangrijkste chemisch-fysische en ecologische processen werden vastgesteld op
basis van Principal Component Analyses (PCAs). Als belangrijkste processen in de
waterkolom werden gevonden: temperatuur, totaal opgeloste stoffen,

zuurstofgehalte, troebelheid, zoutgehalte, stikstof en fosfor (organisch en
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anorganisch) alsmede de zogenaamde Redfield Ratio (N/P). Bij hoge
overstromingscondities bleken ook silicaten en stroomsnelheden van belang. Voor
het sediment bleken met name van belang: zand- en slibgehalte, stikstof en fosfor
(anorganisch en organisch), gehalte aan organisch materiaal en organisch koolstof. Er
is een duidelijke milieugradiént aanwezig die het systeem verdeelt in een rivierdeel
met hogere concentraties DO, TSS, organisch fosfor en hogere Redfield (N/P)
verhoudingen en stroomsnelheden, en een wetland deel met hogere concentraties

organisch stikstof, alkaliteit, chlorofyl-a en troebelheid.

De belangrijkste taxa konden worden bepaald aan de hand van de veldmetingen
door dichtheden en verdelingen vast te stellen voor de verschillende biotische
assemblages. Daarbij werden duidelijke verschillen geconstateerd tussen lentische
gebieden (midden in het wetland) en lotische gebieden (nabij de instromingen van
het rivier systeem). In het midden van het wetland waar het water een relatief lange
verblijftijd heeft, werden de hoogste concentraties zoSplankton, macro-invertebraten,
en vissoorten waargenomen. De hoogste concentraties nutriénten werden
aangetroffen nabij de instromingsgebieden. Bij phyto- en zodplankton was het beeld
juist omgekeerd: nabij de instroming was het gehalte aan fytoplankton hoog en
zooplankton laag, terwijl in het midden van het wetland de dichtheden van

zooplankton, macro-invertebraten en vissoorten hoog was.

De belangrijkste vissoort bleek te behoren tot de family der Characidae. Deze soorten
zijn relatief klein van afmeting en behoren tot de omnivoren die veel voorkomen in
neotropische gebieden. De aanwezigheid van deze vissorten is een belangrijke
voedselbron voor carnivore vissoorten en trekvogels. Het wetland bevat een beperkt
aantal macro-invertebraten wat ook is waargenomen voor zowel fytoplankton als
zooplankton assemblages. Tussen de 4 tot 8 soorten bepaalden veelal meer dan 70%
van de totale dichtheid, met een groot aantal andere soorten van minder dan 3%. Dit
patroon komt overeen met andere tropische gebieden. Het feit dat zodplankton
relatief veel kleine exemplaren bevat duidt op een hoog predatiegehalte door vis. Dit
werd bevestigd door de analyse van secundaire tijdreeksen van zodplankton die
aantoonden dat kleinere exemplaren het gehele jaar door voorkwamen. Dit toont het
belang van zooplankton als voedselbron voor het hogere trofische niveau (vis), dat
op zijn beurt weer van belang is voor trekvogels. Juist vanwege het belang van deze

trekvogels is het AdM wetland in 2000 tot Ramsar site benoemd.
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Op basis van een cluster analyse uitgevoerd in het kader van dit proefschrift
ontstond een duidelijk beeld van het verschil tussen delen dichtbij het omringende
rivierstelsel en de delen meer binnenin het wetland, afhankelijk van de specifieke
biotoop. Voor beide gold dat de gemiddelde overeenkomst rond de 20% lag, maar
uit gedetailleerde analyses bleek dat er een scherper onderscheid bestond tussen
plankton soorten middenin het wetland waar het water meer gemengd wordt door
de stroming, dan langs de randen. Door middel van een SIMPER analyse konden
specifieke soorten in verschillende zones van het wetland worden gerelateerd aan
specifieke chemisch-fysische en hydrodynamische condities. Daarbij bleek dat de
verschillen voor alle biotopen behalve vis het kleinst waren bij hoge waterstanden en
grote overstromingsgebieden, omdat het systeem in dat geval meer homogeen

wordt.

Door gebruik te maken van een multivariate analyse kon een beter inzicht worden
verkregen in de belangrijkste factoren die de biotische populaties beinvloeden en
daarmee het gedrag van de ecosystemen in het wetland met omringende
riviersystemen. Stroomsnelheden en type sediment (in de rivier of in het wetland)
zijn bepalend voor de verdeling en diversiteit van de taxa. Nabij de rivier met
zandige bodem en hogere stroomsnelheden komen minder rijke soorten voor dan in
het wetland met zijn slibachtige bodem en lage stroomsnelheden. Hoewel beide
ecosystemen een aantal soorten gemeen hebben vanwege hun open verbinding,

werden de hoogste concentraties en aantallen taxa toch in het wetland gevonden.

Het AdM wetland bevat vergelijkbare concentraties nutriénten en primaire productie
als de meeste andere tropische gebieden en kan worden geclassificeerd als een
mesotrofisch systeem. Het natte seizoen wordt gekarakteriseerd door hogere
concentraties nutriénten en primaire productie. Ruimtelijke analyses geven aan dat
hogere concentraties aan nutriénten worden bepaald door de dichtstbijzijnde
instroom. Dit betekent dat de bovenste en middelste wetland gebieden het meest
beinvloed worden door de El Recuerdo River en de onderste wetland gebieden door

de Nuevo River.

Inzicht in de belangrijkste processen in het wetland werd verkregen door massa
balansen op te stellen. Daaruit bleek dat sommige processen zoals denitrificatie van
minder belang waren dan de externe belasting, waarschijnliik vanwege de
overwegend constante zuurstofrijke condities, behalve misschien gedurende
aanhoudende droogte. Sedimentatie van nutriénten en primaire productie bleken
laag, zeer waarschijnlijk vanwege de dynamiek van het systeem in combinatie met

hoge begrazing die de biomassa van algen in de waterkolom begrenst. Sedimentatie
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en mortaliteit van algen zijn daarbij ook van belang, maar in mindere mate. Op basis
van numerieke simulaties blijkt dat de beschikbaarheid van nutriénten niet een
beperkende factor is voor algengroei. Algengroei wordt dus beperkt door de druk
van grazers en niet door de beschikbaarheid van nutriénten. Vandaar dat kan
worden geconcludeerd dat dit wetland systeem wordt gedreven door begrazing van

bovenaf en niet door nutriént beperking van onderop.

De tijd-ruimte variabiliteit van vis is onderzocht op basis van een Habitat Suitability
Analyse (HSA) voor de gehele vispopulatie in het AdM wetland. De belangrijkste
factoren die de visstand bepalen zijn de hydrodynamische variabelen waterdiepte en
stroomsnelheid. Overdrachtsfuncties hiervoor werden bepaald op basis van
veldmetingen en literatuuronderzoek. Voor verschillende hydrologische condities en
scenario’s werden de meest geschikte gebieden bepaald. Daarbij bleek dat met name
nabij de instroming vanuit de rivieren de meest geschikte habitat condities bestaan
en dat in de buurt van de Chojampe Rivier speciaal aandacht moet worden besteed
aan het beheer van het wetland. Op basis van het onderzoek in dit proefschrift wordt
aanbevolen om zoveel mogelijk de natuurlijk condities na te bootsen door het
verzekeren van hoge(re) stroomsnelheden in het natte seizoen, aangezien dit met
name van belang is voor het behoud van de visstand. Hoewel hydrodynamische
grootheden zinvol zijn voor het bepalen van een eerste schatting van geschikte
visgebieden, spelen andere chemisch-fysische en biotische variabelen eveneens een
belangrijke rol en moeten deze dus worden meegenomen bij een uitgebreidere HSA
modelvorming. Het software instrument dat in dit onderzoek is ontwikkeld is
uitermate flexibel en biedt de mogelijkheid om meer variabelen en bijbehorende

toepassingsregels daarin op te nemen.

In het algemeen kan worden gesteld dat numerieke modellen een belangrijke
bijdrage kunnen leveren aan het begrijpen van de natuurlijke variatie in
overstromingen in dit wetland systeem. Op die manier kan de relatieve bijdrage van
de verschillende instromingen worden bepaald en het gedrag onder verschillende
hydrologische condities (bijvoorbeeld ten gevolge van klimaatverandering) worden
nagegaan. Wat betreft de chemische omstandigheden hebben numerieke modellen
aangetoond dat het vergelijken van concentraties van chemische variabelen niet
afdoende is om de verschillen ten gevolge van verschillende instroomcondities te
bepalen. Het blijkt beter om daartoe een jaarlijkse massabalans te gebruiken.
Numeriek modellen gaven duidelijk aan dat het AdM wetland wordt gedreven door
begrazing van bovenaf meer dan de beschikbaarheid van nutriénten van onderop.

Sedimentatie en mortaliteit blijken secundaire processen die de biomassa van algen
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bepalen. De combinatie van veldmetingen met numerieke modellen bleek
buitengewoon nuttig en relevant bij het onderzoek in dit proefschrift en bevestigde
dat beide benaderingen elkaar aanvullen teneinde een beter inzicht te verkrijgen in

de dynamiek van rivier-wetland zoetwatersystemen.

De implementatie van de management maatregelen voor het AdM wetland als
voorgesteld door het WETwin project is helaas nog niet begonnen. De lokale
autoriteiten zijn niet betrokken en sommige lokale boeren hebben eigenhandig
onvriendelijke maatregelen genomen tegen vogelgebieden die bekend staan als ‘El
Garzal’, een soort drijvende eilanden waar watervogels hun nesten bouwen.
Verschillende hiervan zijn vernietigd met behulp van chemicalién en hiervoor zijn
geen straffen uitgevaardigd door enige autoriteit. Daarentegen is er een groep lokale
boeren die zich wel degelijk bewust zijn van het ecologisch belang van dit wetland
en die duurzame ecologische visserij bedrijven door bijvoorbeeld netten te gebruiken
met speciale afmetingen van de mazen die de kleinere vissoorten doorlaten. Ook is
ecotoerisme de belangrijkste activiteit van boeren in het gebied genaamd ‘El

Recuerdo’.

Een maatregel waarmee zou kunnen worden begonnen betreft het nabootsen van
(over)stromingen op een zo natuurlijk mogelijke manier gedurende periodes dat de
habitats daarom vragen (Februari en Maart). Deze periode is van groot belang voor
het instand houden van de visstand. De beleving van lokale boeren over de aanleg
van de Baba dam stroomopwaarts is dat dit minder invloed heeft gehad dan
verwacht. Er zijn geen grote veranderingen waargenomen in de beschikbare
hoeveelheid water en vis, waarschijnlijk omdat er nog geen bijzonder droog jaar

sinds de dam is aangelegd.

Het beheer van het waardevolle Abras de Mantequilla wetland vereist
samenwerking tussen lokale bestuurders en de nationale overheid. Studies als dit
proefschrift kunnen worden gebruikt als een aanzet om meer bewustzijn te creéren
over het ecologisch belang van dit wetland. Maar dan dienen de autoriteiten zich ook
zelf bewust te zijn van het belang van dit wetland als bron van flora en fauna.
Bewustzijn en samenwerking tussen alle betrokkenen is een absolute vereiste om te

komen tot een duurzaam beheer van deze unieke en waardevolle Ramsar site.
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"The journey of a thousand miles begins with one step”

Lao Tzu
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INTRODUCTION
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1.1 The role of wetlands

Wetlands are among the most productive of environments. Around 6% of the Earth's
land surface is covered by wetlands, which are key to preserving the biodiversity of
the world. Wetlands provide multiple services to mankind: they often are a source
for water supply; they function as storehouses of plant genetic material; and they
often have high rates of primary production upon which numerous species depend.
They are of immense socio-economic as well as ecological importance. Rice, for

example, a common wetland plant, is the main source of food for half of humanity.

The Ramsar Convention (Ramsar, 1971) defined wetlands as ‘areas of marsh, fen,
peatland or water, whether natural or artificial, permanent or temporary, with water that is
static or flowing, fresh, brackish or salt, including areas of marine water the depth of which at
low tide does not exceed six metres’. Furthermore, the Ramsar Convention declared that

‘for the purpose of this Convention waterfowl are birds ecologically dependent on wetlands’.

Classification of wetlands is a complex issue, mainly because they are in an
intermediate position between terrestrial and aquatic ecosystems, and hence include
many kinds of habitats. Nevertheless, classification is an essential prerequisite for
any wetland inventory. International agencies like the Ramsar Convention, the
International Waterfowl and Wetlands Research Bureau (IWRB), and the
International Union for Conservation of Nature (IUCN), are key institutions to
establish a committee that develops an international classification system for the
wetlands of the world (Finlayson and van der Valk, 1995).

The formal definition by the international treaty Ramsar Convention it is an agreed
and political definition that has received worldwide recognition (Mitsch and
Gosselink, 2007). The Ramsar definition includes both freshwater and coastal
systems, including coral reefs, as well as man-made wetlands like wastewater
treatment ponds. Wetland sizes can vary from a local pond to the extensive Pantanal
wetlands in Brazil (135,000 hectares) as elaborated by Ramsar (2014).

1.2 Wetland conservation

Awareness about wetland conservation has increased significantly over the past
decades. The historical MAR conference in 1962 (Matthews, 1993) followed by the
Ramsar convention in 1971 provided a strong foundation for wetland research,
management, and conservation. The Ramsar Convention increased in member states
over the past four decades, from 28 Contracting Parties in 1980 to 168 in 2014,

covering a total area of 2.1 million km? distributed over 2168 sites (Ramsar, 2014).
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Close cooperation with other international, intergovernmental and non-
governmental organizations has been fundamental to achieve the mission of the
Convention (Ramsar, 2013). In Latin America, several institutions have benefited
from the Wetlands for the Future (WFF) initiative (1996). This initiative was
supported by the Ramsar Secretariat, the United States State Department, and the
United States Fish and Wildlife Service,

Floodplain wetlands are sites of extraordinary biodiversity that are sensitive to long-
term ecological effects of dams and water diversions (Kingsford, 2000). The
declaration of the World Wetlands Day has been a keystone in Ramsar's public
visibility. Every 2nd of February since 1997, government agencies, non-governmental
organizations, and groups of citizens undertake actions aimed at raising public
awareness of wetland values and benefits in general, in support of the Ramsar

Convention (Ramsar, 2013).

Recent assessments by independent environmental legal experts have shown that in
Africa and North America the designation of wetlands as Ramsar Sites of
International Importance has contributed considerably to the conservation status of
these wetlands (Ramsar, 2016a). Real benefits occurred: public awareness grew,
participation by stakeholders increased, funding for research and conservation
increased, ecotourism was promoted (Ramsar, 2013). Currently, 40 years after
signing, the Ramsar Convention has been instrumental in worldwide action towards
protection at the governmental level for conservation and wise use of wetlands, with

a nine-fold increase in member states (Ramsar, 2010a).

During the first 25 years, the Convention played a crucial role in promoting
awareness of wetlands and provided technical support to governments for
conservation of ecosystems (Halls, 1997). The global extent of wetlands is estimated
to be 12.8 million km? (MEA, 2005). The Ramsar convention suggested that the total
area of wetlands is 7.2 million km? but the Convention acknowledged that some
wetland types were not included (Mitsch and Gosselink, 2007). Despite the extensive
areas estimated, currently, just 2.1 million km? have been registered with the Ramsar

Convention (Ramsar, 2014) .

1.3 Ecosystem services

Ecosystem services are defined as “the benefits people obtain from ecosystems’ (MEA,
2005). These include: providing food and water; regulating floods, droughts;
reducing land degradation; providing coastal protection; supporting soil formation

and nutrient cycling; providing cultural, recreational, spiritual, religious services;
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conserving biodiversity (MEA, 2005; Ramsar, 2010c). Due to their multiple regulation
services, wetlands can be called ‘nature’s shock absorbers” (Ramsar, 2016b). Wetlands
host a great array of flora and fauna, from invertebrates to fish, waterfowls and even
large vertebrates and are essential areas for fish reproduction and for hosting
migratory birds. Some 30% of all known fish species live in wetland areas (Gopal,
2009).

Despite all the services wetlands provide, these systems have been subject to human
disturbance since historical times, as well as newer threats from climate change. In
early days, wetlands were often considered wastelands that bore diseases and were
obstacles for development. Their habitats were often disregarded, drained, filled and
degraded. During the twentieth century, extensive wetland areas have disappeared
(Davidson, 2014; Halls, 1997; Matthews, 1993).

A review of around 200 studies of change in wetland area determined that there has
been a faster rate of wetland loss during the 20th and the beginning of 21t century,
with a loss of wetlands between 64 and 71 % since 1900 (Davidson, 2014). A global
meta analysis of more than 100 case studies on wetlands indicated that agriculture
has been the main proximate cause of wetland conversion, while economic growth
and increase in population were identified as the most frequent underlying causes
(Van Asselen et al., 2013)

Wetland degradation is more rapid than that of other ecosystems, with the status of
wetland species also declining faster than those of other ecosystems. Direct drivers
for wetland loss and degradation include infrastructure development, land
conversion, water withdrawal, eutrophication and pollution, overharvesting and
overexploitation, and the introduction of invasive alien species. Indirect drivers

comprise population growth and economic development.

Since wetlands are an integral part of river basins, wetland degradation has led to the
disruption of natural hydrological cycles. Thus, wetlands face an increase in the
frequency and severity of floods, droughts and also pollution. Wetland degradation
caused economic and social problems to populations that were used to have access to
the wetland ecosystem services (Ramsar, 2010b). Floodplain wetlands are sites of
extraordinary biodiversity and their loss will continue until there is a widespread
understanding of the long-term ecological effects of dams and diversions (Kingsford,
2000).
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1.4 Wetland dynamics, structure and function

Wetlands, encompassing a broad range of ecosystems, are sensitive to hydrological
conditions and human influence (Mitsch and Gosselink, 2007). Climate and
geomorphology are key factors influencing wetland hydrology. Hydrologic
conditions are key drivers for wetland dynamics, structure and function, directly
affecting abiotic factors, e.g. oxygen, nutrient availability, sediment transport that
determine conditions for biota development. For instance, changes in species
composition have been observed, caused by only slight changes in hydrologic
conditions. However, when hydrologic patterns remain similar from year to year, the
structure and functional integrity of the wetland's biota can persist for longer time
(Figure 1-1) (Mitsch and Gosselink, 2007).

The main driving force responsible for the productivity and interactions of the major
biotic components in river-floodplain systems is the ‘flood pulse” (Junk et al., 1989).
Several ecological processes and interactions among a wide range of species are
triggered when water arrives in a floodplain wetland. Thus, the substitution of a
variable-flooding pattern with a permanent one, and loss of wet-dry cycles, has
major ecological effects (Kingsford, 2000). The seasonal “hydroperiod” characterizes
each type of wetland. The hydroperiods of many wetlands are driven by surface

waters coming from adjacent rivers and lakes, affecting their inflows and outflows.

Furthermore, a wetland can be seasonally or intermittently flooded (Mitsch and
Gosselink, 2007; Poff et al.,, 2002). Floods enhance fish recruitment by providing
suitable habitats, spawning areas and food. However, considering flood pulses alone
as a key driver for fish recruitment is too simplistic. Other factors such as life history
adaptations of the fauna and the timing of inundation are key drivers controlling the
response of fish to flooding (King et al., 2003). The connection between flooding and
breeding of river fish is well documented for several tropical rivers in Asia, Africa,
South America and Northern Australia. Since temperature variation in tropical
regions throughout the year is minimal, the hydrological regime is the dominant

factor driving ecological dynamics (Humpbhries et al., 1999).



6 | Ecological modelling of river-wetland systems

1. Hydrology

water

level,
flow, 4—
frequency,
/ ete.
time ﬁ l
1

l modifies and determines | |

2. Physiochemical which modifies
environment |

sediments, soil chemistry, water
chemistry, etc. |

which, in turn,

B modify the
I allowing specific I physiochemistry
and
V hydrology
3. Biota *
vegetation, animals,
and microbes & B

—} direct effect
—_ —> biotic feed back

Figure 1-1 Effects of hydrology on wetland functions and biotic feedbacks (Mitsch and Gosselink,
2007)

1.5 The WETwin Project

Individual studies of wetlands have rarely considered the role of wetlands in the
context of the river basin (Shamir and Verhoeven, 2013). In developing countries,
although wetlands are strongly related to livelihoods, data on wetland functions,
processes and values are scarce. Thus, management decisions for wetland use are
frequently made without comprehensive information (Johnston et al.,, 2013). The
need for developing approaches that involve local communities and provide reliable

information on wetland services at the river basin scale in data-poor context was
identified by Shamir and Verhoeven (2013).

The WETwin project, funded by the European Commission under FP7, aimed to
enhance the role of wetlands in integrated water resource management. The project
started in 2008 in different wetland areas located in three continents Europe, Africa

and South America (Johnston et al., 2013). Seven study areas were selected in a
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number of river basins: the Danube in Europe, the Niger, White Nile and Olifants

River in Africa, and the Guayas River Basin in South America (Figure 1-2).

Hungary and Austria
Danube River Basin 4
Gemenc and Lobau floodplain

Germany
Elbe-Havel-Spree River Basin
Spreewald wetland

Niger River Basin
Inner Niger Delta

- | Ecuador
Guayas River Basin
Abras de Mantequilla Wetland

Uganda
Upper White Nile River Basin
Mbale and Masaka wetlands

South Africa
Olifants River Basin
Ga-Mampa wetlands

Legend

A - StudySites
| Countries

Figure 1-2 WETwin case study sites (Johnston et al., 2013)

The project developed tools for wetland assessment in a data poor context. These
tools were applied and tested in the seven case studies. The main characteristic of
these areas is that all of them are inland wetlands related to a river basin (Arias-
Hidalgo, 2012). The term WETwin can be understood as: (a) winning the wetlands
and (b) twinning the wetland studies of different parts of the world to produce
common insights and studies of management options (Shamir and Verhoeven, 2013).
The project aimed to improve wetland management by maximizing benefits from
wetland use while maintaining ecological health (Johnston et al., 2013). More

specifically, WETwin aimed to:

* improve drinking water and sanitation services of wetlands;

* improve community services while conserving or improving good ecological
health;

* adapt wetland management to changing environmental conditions; and

* integrate wetlands into river basin management.

The conceptual framework of WETwin started from four basic premises of wetland
management: (i) ‘wise use’; (ii) adaptive management; (iii) integrated water resource

management (IWRM); and (iv) participation of local communities and stakeholders.
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‘Wise use’ acknowledges wetlands as providers of many ecosystem services
important for livelihoods that should be managed properly in order to protect their
ecological status. “Adaptive management’ describes the management as a continuous
cyclic process, described in the Critical Path Standard approach adopted by Ramsar
(Ramsar, 2010b). IWRM recognizes the fact that wetlands function within a
hydrological context and are not elements separate from the catchment. This implies
not only that catchment management has a direct impact on the wetland conditions,
but also that the wetland management influences the functioning of the catchment.
Finally, participatory planning acknowledges that involvement of the local
communities and stakeholders at all stages is necessary, since they are also the

beneficiaries of a sustainable management strategy (Johnston et al., 2013).

The WETwin project focus was to prepare management plans for each case study.
Since wetlands provide several environmental services for multiple stakeholders,
their involvement in formulating management plans for the wetlands is crucial
(Shamir and Verhoeven, 2013). During the project, stakeholders participated actively
in identifying and evaluating possible management options. The scope of the
WETwin project was restricted to the preparatory and planning stages of the Ramsar
Critical Path adaptive management cycle (Ramsar, 2010b). Implementation and
monitoring of the management plans were beyond the scope of this project (Johnston
et al.,, 2013). During the project, different tools were developed to be applied in data
scarce contexts. Quantitative modelling based on technical information was
combined with qualitative methods based on expert and stakeholder knowledge
(Shamir and Verhoeven, 2013).

Major environmental and livelihood problems were identified in each case study of
the WETwin project following the DSIR approach (Driver, Pressure, State, Impact,
and Response). The core of this methodology was to assist in establishing cause-
effect relationships for a particular problem, then develop measures to resolve the
problem (Zsuffa and Cools, 2011). For all case studies, initial DSIR analyses
identified high-level trade-offs in terms of land or water use. The approach used in
WETwin had three strong points: involving stakeholders at all stages of the decision
process, combining qualitative and quantitative data (allowing inclusion of poorly
known and potentially important system components), and providing a relatively
simple and structured approach to evaluate wetland management interventions
(Johnston et al., 2013).
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1.6 The Abras de Mantequilla wetland in Ecuador

The Abras de Mantequilla (AdM) wetland was one of the seven study areas selected
for the WETwin project, and the only case study in South America (Figure 1-3). The
wetland belongs to the Guayas River Basin and was declared a Ramsar site in March
2000, due to its important role in the conservation of bird fauna diversity (Figure 1-4).
These included (i) three migratory species: Anas discours, Chordeiles minor spp,
and Catharus  ustulatus; (ii) three rare species and (iii) eight endemic
species, including Furnarious cinnamomeus, Veniliornis  callonotus,  Galucidium
peruanum and Turdus maculirostris. AAM also supports a significant population of
indigenous fish and at the same time is a source of food, a spawning site and a
development area for those species of fish that depend upon the wetland (Ramsar,
2014).

Ecuador
256370 Km2

Figure 1-4 Abras de Mantequilla wetland during the wet season. Source: Fieldwork Feb 2011,
March 2012
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The three migratory species reported in AdM wetland are originally from North
America (Figure 1-5). Anas discors (‘Blue-winged teal’) is a duck species found
throughout North America and a long distance migrant, some birds heading all the
way to South America during the winter. Migrants typically stop in fresh water
habitats (vegetated wetlands, rice fields) feeding on insects, crustaceans, snails as
well as vegetation (Rohwer et al., 2002; The_CornellLab-of-Ornithology, 2018).

Anas discors Chordeiles minor Catharus ustulatus
Blue-winged Teal Common Nighthawk Swainson's Thrush
Anas discors Chordeiles mitor Catharus usfulafus

LEGEND

LEGEND

LEGEND M Year Round

- breed i
B Year Round B Summer (breeding) M ‘vear Round

) W Winter (non-braading) M Summer (breeding)

W Summer (breeding)

Migration [l Winter (non-breeding)
W Winter {non-breeding)

Migration
Migration Map by Comed Lab of Omithology
Range data by NatureServe
Map by Comell Lab of Omithology
Map by Comedl Lab of Ormithology Range data by NatuwreServe

Range data by NatweServe

Figure 1-5 Range maps of the three migratory species from North America that migrate to South
America during winter (see blue areas) (The_CornellLab-of-Ornithology, 2018). All three species
have been reported in AdM wetland (Ramsar, 2014)

The DSIR methodology applied during the WETwin project evaluated that the main
impacts on the habitat and ecosystem services of the AdM wetland are caused by two
main activities: agriculture and water allocation projects (Zsuffa and Cools, 2011).
DSIR reveals the cause-effect relationships between drivers, pressures, states,
impacts, and responses within the investigated systems in a qualitative manner. For
the WETwin project the DSIR framework was coupled with the Ecosystem Services

approach in such a way that ‘Impact” was defined as ‘impact on ecosystem services’.

Some of the main 'Drivers' due to agriculture and urban development that have been

identified for the AdM wetland are: food production, population growth,
urbanization of riparian areas, fisheries, use of agrochemicals, inadequate waste
management. These 'Drivers' cause 'Impacts' on the state (ecosystems and water
quality of the wetland), which require adequate 'Responses’ to be implemented
(Figure 1-6)
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Figure 1-6 Impacts of agricultural and urban development on the ecosystems services of Abras de
Mantequilla wetland in the Guayas River Basin, Ecuador. Source (Zsuffa and Cools, 2011)

Other main drivers are due to basin scale development projects related to dams and
water projects located upstream of the AdM wetland. These drivers cause impacts on
the states represented by the hydrology of the wetland that is directly linked with the
ecosystems and water quality. To alleviate these impacts, responses such as
improving water allocation schemes and introducing environmental flows, have to

be taken in consideration for implementation (Figure 1-7).

5 Multipurpose = Improve water allocation —
dam ar::j w?ate; program @e—spc’;sh

transfer projects = Ensure environmenial flows —
upstream of AdM
2. Reduction of
inflows to AdM

2. Hydrology of the wetland

= Decreased surface water levels

« Decreased water level
fluctuation

« Decreased groundwater levels

Impacts on Habitat and
Ecosystem Services
3. Further blockage of navigation
1. Further loss of biodiversity
4. Water access reduction (for

irrigation and drinking)

1 Ecosystems of the
wetland
Imgroved habitat conditions
for water hyacinths —
supporting eutrophication

5. damage to foed production:
agriculture, fisheries

ODNVEF. f —\State mlmnact — Cause-effect link \/—.—\) Response

Figure 1-7 Impacts of basin-scale river management and water allocation projects on the
ecosystem services of Abras de Mantequilla wetland in the Guayas River Basin, Ecuador. Source
(Zsuffa and Cools, 2011).

Many tropical wetlands threatened by land use changes or modifications in
hydrological regime, require effective management policies and implementation to

protect them. AdM wetland is subject to two major environmental disturbances: (i)
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short-term agriculture (rice, maize) on the land around the wetland, and (ii) the
effects of planned infrastructure works of the Baba dam in the upper catchment,
which is expected to be reduced by 30% the Nuevo River flow (main AdM inflow)
(Arias-Hidalgo, 2012). These activities are expected to be the main constraints for the
future wetland health (Alvarez-Mieles et al., 2013).

1.7 Capabilities of mathematical modelling tools

Due to the significant link between hydrology, hydrodynamics and ecology, the
development of mathematical modelling tools in the field of eco-hydraulics has
evolved considerably over the past decades (Mynett, 2002; Mynett, 2003; Mynett,
2004). Integrated software systems like DELFT3D (Deltares, 2013a; Deltares, 2013b)
are able to capture the behaviour of living species in the aquatic environment and
determine the response of e.g. habitat suitability to river and wetland restoration, fish
passage construction, or harmful algae bloom events. These are all highly complex
phenomena involving many processes and interactions between physical, chemical,
ecological and biological components (Mynett et al., 2007). In this thesis, the potential

of using mathematical models in combination with field data analysis is explored.

1.8 Overall research approach

The overall goal of this study was to evaluate the relationship between
hydrology/hydraulics and ecology of the Abras the Mantequilla (AdM) wetland in
order to provide sustainable management advice. The research focuses on five key
objectives: (a) assessing the variability in hydrological and hydraulic conditions; (b)
assessing the physico-chemical patterns in the system; c) identifying the wetland
aquatic communities and their spatial patterns; d) determining the main ecological
processes in the wetland; and e) establishing fish habitat suitability conditions. For

this purpose several activities were performed.

Initial activities in this research included the collection of the available information
on hydrology, river hydraulics, water quality and biotic communities of the Guayas
River Basin in the coastal region of Ecuador. Special focus was given to the middle
catchment of the basin, where the AdM wetland is located. Following activities
include the design and development of fieldwork campaigns to collect primary
information on physico-chemical variables and biological communities in the river-

wetland system.
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Once the primary and secondary sources of data were collected, numerical model
and data analysis tools were applied. The wetland (hydro)dynamic characteristics
were analyzed using a numerical hydrodynamic model to assess the natural
variation in inundation area, water depth, residence time of the AdM wetland
(Chapter 2). Subsequently, the abiotic physico-chemical results from the sampling

campaigns were analyzed and abiotic spatial patterns determined (Chapter 3).

Biotic communities of plankton, macroinvertebrates and fish collected during the
fieldwork sampling were evaluated to determine main species in this wetland,
spatial patterns, and their relations with abiotic variables (Chapter 4). The dynamics
of the water chemistry variables and components of primary and secondary
production (phytoplankton and zooplankton biomass) were evaluated using a

numerical water quality and ecological simulation model (Chapter 5).

A fish-habitat analysis was performed for the fish community; one of the important
functions of AdM as a Ramsar site (Chapter 6). Potential management scenarios were
explored to assess the response of the wetland to different flow conditions (historical
minima / maxima) with the aim to help advise authorities to develop sustainable
management measures for the AdM wetland (Chapter 7). Conclusions and

recommendations are summarised (Chapter 8).

1.9 Specific research questions

From the overall aim to evaluate AdM wetland using an ‘integrated approach” which
includes both abiotic and biotic components of the environment (i.e. hydrology,
hydraulics, water quality, biology, ecology) this research focuses on whether/how
such type of integrated approach can be useful to identify the interrelations between
physico-chemical and biological communities in tropical regions. Can such
integrated approach assess the ecological status of a river-wetland system, and how
valuable can this be for the development of future management scenarios? The
following specific research questions were identified with their corresponding

aspects to be considered:

What is the spatio-temporal variability of the hydrodynamics in the wetland?
Using available data it is important to determine the wetland’s main inflows,

outflows and the natural variability in water depth and inundation area due to the
(inter)annual changes in hydrological conditions. Flow patterns and typical residence
times in the various wetland zones are to be determined and appropriate length and

time scales to be identified to model the hydrodynamics of this wetland.
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Which are the dominant species in the different aquatic communities?
Based on measurement data and literature search, the ecology of the dominant

species, and their sensitivity to potential changes is to be explored.

What are the spatial patterns in the distribution of the environmental variables and
biotic communities?
After identifying the typical range of water and sediments physico-chemical

concentrations in the different wetland areas, the question is to be explored whether
there is an environmental river-wetland gradient defining the distribution of abiotic

variables, as well as biotic communities.

What are the main physico-chemical and ecological processes in the wetland?
From the temporal and spatial variability of key environmental parameters, the

influence of the wetland hydrodynamics on the physico-chemical concentrations and

primary producers in the wetland is to be determined.

What is the spatio-temporal variability in Fish Habitat Suitability?
From the spatial and temporal variations in hydrodynamic conditions the zonation

of suitable habitat areas for the fish community are to be determined and translated

into recommendations on sustainable wetland management.

What measures can be recommended for the management of the AdM wetland?
There is a particular need to explore the wetland functioning under different extreme

scenarios and due to e.g. effects of upstream dam operation. Will environmental
services (water availability, primary productivity, fish-habitat suitability) increase or

decrease in relation to different hydrological conditions?

To what extent can numerical models help describe wetland functioning?
What lessons can be learned from the application of numerical modelling tools. How

sensitive are model outcomes to variations in initial and boundary conditions. Is it
possible to provide rules and guidelines for model application by non-developers

(who are often non-experts in particular fields and model components).
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1.10 Thesis outline

The thesis is divided into eight chapters:

Chapter 1 introduces the role of wetlands, their physical dynamics, and the
importance of hydrology in wetland processes, their value as ecosystems, their main
threats, and the role of the Ramsar Convention. The WETwin project is introduced,
which provided the framework for the present research. The Abras de Mantequilla
wetland is introduced and its role as a migration spot (Ramsar Site) is highlighted
together with the main impacts encountered by this river-wetland system. The

overall objectives, specific research questions, and thesis outline are presented.

Chapter 2 summarizes the long-term hydrological conditions in terms of annual
precipitation, and explores the seasonal variability of the system. A 2D
hydrodynamic model is used to explore the hydrodynamics of the wetland under
different hydrological conditions. Changes in water depth, inundation area and
residence time are investigated and inundation areas under extreme conditions (like

El Nifio years) are identified.

Chapter 3 summarises the results of the data collection campaigns carried out in 2011
and 2012 on environmental variables. The results of spatial pattern analyses of the
various physico-chemical properties for different inundation conditions are

summarised.

Chapter 4 summarises the results of the data collection campaigns carried out in 2011
and 2012 on identifying the dominant biotic communities and establishing the
densities of the different biotic groups. The results of spatial pattern analyses of the
various biotic communities for different inundation conditions are summarised.

Relations with abiotic variables are presented.

Chapter 5 describes the temporal and spatial water quality and primary production
dynamics. A water quality/ecological model is applied to evaluate the wetland

dynamics.

Chapter 6 identifies the habitat suitability for the fish community in relation with

particular hydrodynamic features and hydrological conditions.

Chapter 7 provides a discussion on the findings of the various chapters and provides

an overall integration of relevant parts of the various components.

Chapter 8 presents the answers to the research questions and summarizes the main

conclusions and recommendations.
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"Take the attitude of a student, never be too big to ask questions,

never know too much to learn something new”

Og Mandino

2

HYDRODYNAMICS OF THE TROPICAL
ADM RIVER-WETLAND SYSTEM
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2.1 Geographical conditions

2.1.1 Basin topography

Further to the general introduction in Chapter 1, a detailed map including the digital
elevation details at the River Basin scale is presented in (Figure 2-1). Initial
topographic data for the study area was collected by Arias-Hidalgo (2012), Galecio,
(2013). In the present study additional information was obtained from a Digital
Elevation Map (1:50000) provided by IGM (Military Geographic Institute of
Ecuador), which was published on the Internet for scientific use
(http://www.rsgis.ait.ac.th/~souris/ecuador.htm). Also, maps from the Shuttle Radar
Topography Mission (SRTM) were used, with an initial resolution of 90mx90m,
resampled to 30mx30m, which are freely available (http//www.ambiotek.com/srtm).
Moreover, a 1:10000 scale topographic map for the AdM area was refined using a
local topographic survey of the area explored during the field campaign in February
2011 (including bathymetry) and merged into the existing 1:10000 DEM (Arias-
Hidalgo, 2012). Finally, a new Digital Elevation Map (1:10000) that became available
in February 2011 (having a 5mx5m resolution) enabled additional topographic
adjustments during subsequent research (Galecio, 2013). The Digital Elevation Maps

at the river basin and wetland scale are presented in Figure 2-1 and Figure 2-2.
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Figure 2-1 Digital Elevation Map at the Guayas River Basin scale (Arias-Hidalgo, 2012)
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Figure 2-2 Digital Elevation Map at the AdM wetland scale.

2.1.2 Land use composition

The AdM wetland area has been subject to considerable changes in land use over the
recent decades as well as the entire western region of Ecuador. These changes have
been more evident since 1958 due to the increase in population, followed by an
increase of roads, and gradual replacement of forest coverage (Dodson and Gentry,
1991). According to a land use map of 2008, the major part is used for short-term
crops (45%) mainly maize and beans, followed by rice (26%) while the forest cover
represents only around 3% of the total area of the wetland. Figure 2-3 and Figure 2-4
present the land use coverage in the wetland and surrounding areas. Due to the low
coverage of natural forest, land use in the study area was scored low by the
assessment carried out by the WETwin project. It was noted that intensive
agriculture has led to frequent application of fertilizers and pesticides, which may
have been contributing to an increase in nutrients run-off into the wetland over the
last decades. On the other hand, hydrologic and geomorphologic conditions have
only experienced moderate modifications due to anthropogenic activities (Arias-
Hidalgo, 2012).
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Figure 2-3 Land use in Abras de Mantequilla wetland and surrounding area (Arias-Hidalgo, 2012)
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Figure 2-4 Land use composition (%) in AdM wetland and surrounding area (Arias-Hidalgo, 2012)
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2.1.3 Soil properties

The soils of the Chojampe sub basin can be classified into four major categories:
48.2% consists of clays, loamy clays, inorganic clays; 36.4% are saturated soils and
expansive clays; 13% are sandy soils; and 2.6% are sandy clays and loamy sands
(Figure 2-5).
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Figure 2-5 Soil type classification (Arias-Hidalgo, 2012)

2.2 Hydrological and meteorological conditions

In order to evaluate the wetland functioning and its natural variability, hydrological
and meteorological data are required. Daily time series for meteorological data:
precipitation, potential evapotranspiration, air temperature and relative humidity in
the region were obtained from INAMHI (National Institute of Meteorology and
Hydrology of Ecuador). Daily time series for discharges and water levels were also
provided by INAMHI for specific locations. The data included the AdM wetland,
Chojampe Subbasin and Quevedo-Vinces Basin.

2.2.1 Annual precipitation

Pluviometric data for the study area was available over the period 1963-2012 (Table
1-1) from three gauging stations as indicated in (Figure 2-6); (i) Pichilingue; (ii)
Pueblo Viejo; and (iii) Vinces. The geographic position of Pichilingue station between
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the Upper Quevedo-Vinces basin and Chojampe basin, facilitates understanding the
functioning of both basins and their interrelation.

Figure 2-6 Measuring stations near the Abras de Mantequilla wetland

Table 1-1 Pluviometric data available for the study area

Station Period Frequency Location

Pichilingue 1963-2012 daily North of basin, close to Vinces
River

Pueblo Viejo 1976-2012 daily East of Abanico subbasin

Vinces 1964-2012 daily Near the confluence of Vinces

and Nuevo River
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The highest annual precipitation at Pichilingue station was observed in the years
1997 / 1998 during the ‘El Nino event’ with values of 4736mm and 4790mm
respectively, while the lowest annual precipitation was recorded in 1968, 1975 and

2005, with values between 1066mm and 1222mm (see Figure 2-7).
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Figure 2-7 Annual precipitation at Pichilingue station (Period 1963-2012)
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2.2.2 Seasonal variability

In order to assess the natural variability of the precipitation in the study area, the
minimum, maximum and average monthly values over the period (1963-2012) are
presented in Figure 2-8. The area is seen to typically exhibit two seasons: (i) a wet
season (December-May); and (ii) a dry season (June-November). Extreme events (El
Nifio) cause precipitation levels to increase dramatically, extending the wet season
up to 9 months (starting in November and extend until July). Maximum monthly
values (up to 1100 mm) occurred during 1982-1983 and 1997-1998, which correspond
to El Nifio years. Minimum values during the wet season were seen to range from 47
mm to 198 mm. During the dry season, minimum values are close to zero, while
maximum values can vary. Overall, the monthly average precipitation ranges from
383mm to 452mm during the wet season and between 13 mm and 53 mm during the
dry season. During the wet season of a normal year, daily precipitation values were

found to fluctuate from 5mm to around 23mm.

The spatial distribution of the mean monthly precipitation in Guayas River Basin
(GRB) and AdM wetland are presented by the black lines and yellow lines in Figure
2-9 (Arias-Hidalgo, 2012).
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Figure 2-8 Minimum, Maximum and Average monthly precipitation in Pichilingue station
(1963-2012)
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Figure 2-9 Spatial distribution of the mean monthly precipitation in Guayas River Basin (GRB)
(black line) and Abras de Mantequilla (AdM) wetland (yellow line) (Arias-Hidalgo, 2012).
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2.2.3 Discharge and water level data

Daily time series for discharges were available for two stations: Quevedo en
Quevedo and Vinces en Vinces. Both stations have complete data (without gaps
during the established period) and they are used to establish relations with other
stations and to estimate the discharges of AdM wetland system. One limnometric

station is located in the wetland, the AdM limnometric station (Table 2-2).

Table 2-2 Discharge and water level data

Station Period Frequency Location

Quevedo en Quevedo 1962-2012 daily North of Chojampe basin, close to the
Pichilingue station.

Vinces en Vinces 1964-2012 daily At Vinces town, downstream the
diversion of Nuevo River from Vinces
River

Abras de Mantequilla 1988-2007 daily Near the outflow of El Recuerdo

(limnometric) subbasin (close to measured point S1)

The main inflow into the wetland area is the Nuevo River, which is diverted from
Vinces River. There are no discharge stations in the area close to the wetland. Thus,
the data of the Vinces and Quevedo rivers were used to calculate the boundary
conditions of the wetland inflows to describe the wetland flooding patterns. In order
to illustrate the variability of the river discharges in both stations, minimum and
maximum monthly discharges of both gauging stations are presented in Figure 2-10
and Figure 2-11. The minimum, maximum and average monthly values were
calculated from the data available for the periods detailed in Table 2-2. The figures
show a clear wet and dry season which is comparable to the precipitation pattern in
Pichilingue station (Figure 2-8). During the wet season, the maximum monthly
discharges can reach 910-980 m3/s in Quevedo en Quevedo and 790-830 m?¥s in
'Vinces en Vinces'. Maximum discharges were recorded for the periods 1982-1983
and 1997-1998 during the El Nino event. Monthly average discharges in both stations
can reach 500-530 m®/s during the wet season, decreasing to 50 m?®/s during the dry

season.
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Figure 2-10 Monthly discharges in Quevedo en Quevedo station (1962-2012)
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Figure 2-11 Monthly discharges in Vinces en Vinces station (1964-2012)

The water depth variation in the Abras de Mantequilla wetland was evaluated using
the only available limnometric station located within the system. Monthly average
water levels between 12.3 and 13.0 m were recorded for the wet season
corresponding to water depths of 6.3 and 7.0 m, respectively, since the reference bed
level is 6 m. For the dry season, average water levels decrease to 9.2 (2.2 m water
depth). The maximum monthly water level occurs during the wet season (14.4 m
level corresponding to a water depth of 8.4 m), and a minimum (8.30 m level
corresponding to a water depth of 2.30 m) during the dry season (Figure 2-12a).
Figure 2-12b shows the high variation in inundated area from dry to wet season.
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Figure 2-12a Monthly water levels in Abras de Mantequilla limnometric station (1988-2007)

Figure 2-12b Abras de Mantequilla wetland at 'El Recuerdo', same location during
the dry season (left) and wet season (right).

2.2.4 Hydrology of the Chojampe subbasin
The AdM wetland is part of the Chojampe subbasin, which has an area of around 259

km? and is divided into seven small sub-basins (microbasins): Chojampe 1, Las
Tablas, Chojampe 2, Agua Fria, El Recuerdo, Abras de Mantequilla and Abanico
(Figure 2-13). The wetland is located in the southern area of this subbasin, specifically
in the Abras de Mantequilla and Abanico microbasins. Each of these microbasins has
a main branch, with dendritic patterns. The main tributary of the wetland is the
Nuevo River, which receives water from the Vinces River (Quevedo-Vinces
subbasin). El Recuerdo microbasin collects the runoff from the five upper
microbasins (Upper Chojampe) representing the second hydrological tributary to the
wetland. In addition, the wetland does not cover the entire area of Abras de
Mantequilla and Abanico microbasins, thus three small tributaries are identified in
the upper area of these two microbasins, all of them influencing locally the
functioning of the wetland (Galecio, 2013). They are identified as: Abras de
Mantequilla tributary 1 and 2 (AdM T1 and AdM T2), and Abanico tributary 1
(Abanico T1). All of them have a local influence in their immediate surrounding

areas, but the effect of their flow on the entire wetland is minimal due to their low
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flow rates. Overall, the study area is strongly influenced by a wet season between
January and April and a dry season between July and November, producing a clear
seasonal pattern of floods and droughts. Flooding time is characterized by high
precipitation, high discharges in the rivers and therefore an increase of the water
levels. Dry periods show a significant decrease of the water levels due to the decrease

in precipitation and discharges.

Vinces River

Upstream
AdM

Downslream
AdM
Nuevo River

Figure 2-13 Chojampe micro-basins and tributaries to the Abras de Mantequilla wetland

2.2.5 Regional infrastructure projects

The AdM wetland is expected to face effects of infrastructure projects in the upper
catchment of the Quevedo-Vinces River Basin. The multipurpose Baba Dam was
constructed in the upper catchment of the Quevedo-Vinces river (Figure 2-14). The
filling phase of the reservoir ended in January 2012 (Efficacitas, personal

communication, 2013), and Baba dam operation started in 2013. Since the main
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inflow into the wetland is the Nuevo River which diverts from the Quevedo-Vinces
River, Baba dam operation could divert the water supply by about 30% thereby
decreasing the flow of the Nuevo River towards the AdM wetland (Arias-Hidalgo,
2012). Therefore, the dam might present a major constraint for future wetland health.
These effects will be explored through potential scenario developments using

numerical simulations.

2.3 The AdM river-wetland system

2.3.1 Flows in main arteries and tributaries

In order to explore the flows in the main river system, a numerical 1D river routing
model for the Vinces and Nuevo Rivers was constructed by Arias-Hidalgo (2012) in
order to transfer measurement information from the upstream sections of the basin
(Quevedo Vinces) to the Nuevo River and the AdM wetland connection point. In
this way the observed interactions between the river and wetland systems can be
quantified including its seasonal variability. The 1D model was constructed using
HEC-RAS, a numerical tool developed by the US Army Corps of Engineers (Brunner,
2010) for unsteady flows in the main flow direction using the (1D) De Saint-Venant

equations (Appendix A).
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Figure 2-14 HECRAS model schematization for the main river flows including boundary conditions
(yellow dots) and calibration point (blue dot). Inflows from rivers: Lulu (orange) and San Pablo
(blue) (Arias-Hidalgo, 2012)
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Quevedo en Quevedo station: HEC-RAS model calibration
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Figure 2-15 Hydrograph comparison for the HEC-RAS model

(Arias-Hidalgo, 2012)
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Figure 2-16 Flow exchange and stages between the Nuevo River and Main Abras

(Arias-Hidalgo, 2012)
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2.3.2 Inundation modelling of the AdM wetland system

DELFT3D-FLOW

In order to explore the inundation patters in the AdM wetland system, the 1D HEC-
RAS approach was useful to quantify the interactions between the river and the
wetland system. However, spatio temporal variability cannot be done with a 1D
channel approach, therefore, DELFT3D-FLOW, a software suite from Deltares was
used to construct a 2D (horizontal x-y) model for the entire AdM wetland. This 2D
model provided as output dynamic spatial inundation maps for the entire wetland
area. DELFT3D-FLOW is part of the DELFT3D suite, a fully integrated computer
software package for a multidisciplinary approach applicable for rivers, coasts, lakes
and estuaries. The DELFT3D suite is composed of several modules grouped in a
common interface that can be easily linked to each other. DELFT3D-FLOW, one of
the modules of this suite, is a multi-dimensional (2D or 3D) hydrodynamic/transport
simulation program that calculates non-steady flows and transport phenomena

resulting from tidal and/or meteorological forcing (Deltares, 2013a).

Wetland schematization and 2D grid construction

The set up of the model started by the inspection of a 1:10000 topography. This
topography is the result of an existing 1:10000 topography that was improved with a
local topographic campaign developed in February 2011. The results of this local
survey were merged with the available 1:10000 topography (Arias-Hidalgo, 2012).
Afterwards, this merged topography was reviewed again to correct for
discontinuities (Galecio, 2013). According to this topography, the wetland area
recorded levels between 6 and 34 m.a.sl. The grid for this model was built
considering the wetland extension and the location of the discharges to the wetland.
A 2D grid was defined for the study area, thus only one layer was considered for
building the model. The geographic coordinates of the grid are presented in Table 2-
3.

Table 2-3 Grid coordinates for hydrodynamic model

WEST COORDINATES EAST COORDINATES

North 9836492S 644800 W 9836492S 652834 W

South 9825900S 644800W 9825900S 652834 W

The interaction between the Nuevo River and wetland is an important issue to

assess. Thus, a section of the Nuevo River located at the inlet of the wetland was
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considered as part of the grid to account for this interaction. The other four
tributaries to the wetland (El Recuerdo, AdM T1, AdM T2, and Abanico T1) are not
included in the grid but considered as discharges. The grid cell size was 75 m x 75 m,
which was considered as a suitable size regarding topography characteristics and
computational time. The hydrodynamic grid had a total of 7163 cells. Initial
conditions, observation points and boundary conditions were considering in the set
up. Boundary conditions to the wetland were represented by the two Nuevo River
reaches located upstream and downstream of the wetland, and the four tributaries
located in the Chojampe subbasin (El Recuerdo, AAMT1, AAMT2 and Abanico T1).
The main inflow to the wetland is the Nuevo River, hence the flow conditions
upstream and downstream of the inlet are the ones driving the patterns of flooding
and ebbing. Six boundary conditions were defined for this model. Observation points

were also defined (Figure 2-17).

Figure 2-17 Abras de Mantequilla wetland grid; boundary conditions (red lines): Upstream AdM
(Nuevo river-main inflow to the wetland); Upper Chojampe (El Recuerdo, AdmT1, AdMT2,
AbanicoT1); Downstream AdM (wetland outflow). Observation points (white dots)(Galecio, 2013).
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Boundary conditions

The boundary conditions for Nuevo River (inflow to the wetland) were estimated
based on the HEC-RAS model for 2006 (Arias-Hidalgo, 2012) and correlations with
an upstream gauging station (Quevedo en Quevedo station). The boundary
conditions for the Nuevo River (outflow of the wetland) were estimated based on the
total discharge flowing outside the wetland system using a rating curve. The
boundary conditions for the four tributaries of Chojampe subbasin were determined
using HEC-HMS, a rainfall-runoff model built for this purpose (Galecio, 2013). The

procedure for both estimations is explained in the following two sections.

Nuevo River inflows

The discharges of Nuevo River (inflow and outflow) to the wetland were estimated
based on the results of a 1D model developed in HEC-RAS for an average year
(2006), and a correlation with Quevedo en Quevedo gauging station located in the
Vinces River (Galecio, 2013). This 1D model was built for 2006 because this year was
considered to represent well the general functioning of the basin (Arias-Hidalgo,
2012). Although the use of a correlation is an approximation, it was considered the
most suitable procedure to overcome the absence of measure data in the area. The
results of this procedure presented a good linear correlation between the HEC-RAS
model results and the data measured in the Quevedo gauging station. Correlation
coefficients for upstream (0.83) and downstream (0.84) of the wetland were obtained
(Figure 2-18). Subsequently, discharge conditions for other years of interest were

estimated using the equations (Eq 2-1 & Eq 2-2).
QupstreamAdM =0.39* QQuevedo (Eq 2-1)

QdownstreamAdM =0.39* QQua/edo (Eq 2-2)
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Figure 2-18 Correlation between Quevedo en Quevedo river discharge and HEC-RAS results of
Upstream AdM wetland (upper panel) and Downstream AdM wetland (low panel).
(Upstream=wetland inflow; Downstream=wetland outflow). Adapted from Galecio (2013)

The relation between the discharge and water level in Nuevo River (downstream
AdM) was established with a rating curve (Figure 2-19). The curve was determined
using the available bathymetry and the HEC-RAS model of the Vinces and Nuevo
River in the cross section located downstream the wetland (Galecio, 2013). The
discharges ranged from 23.2 to 603 m?/s, while the water level between 8.7 and 13.9
m. The analysis included different curves for low and high discharges to improve the
relation between these two variables. Computed correlation coefficients were 0.98
and 0.99. The resulted rating curve for the cross section located downstream of the

wetland was:
H<10.3 - Q=3.38*(H-6.0)"%" - (Eq2-3)
H<10.3 - Q=2.96*(H-6.0>*° _ (Eq 2-4)
Where:

Q = discharge (m?/s), H = water level (m)
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Figure 2-19 Rating curve for downstream AdM (Galecio, 2013)

Upper Chojampe subbasin
The rainfall run off model (HEC-HMS model) was developed to evaluate the

contribution of this subbasin to the AdM wetland. Since there was a lack of discharge
data for the tributaries of this subbasin, estimating the relation between rainfall and
run off via this model was used to estimate the boundary conditions. The model was
based on a previous model set-up developed by Arias-Hidalgo (2012), who
distinguished five microbasins located in the Upper Chojampe subbasin: Chojampe
1, Las Tablas, Chojampe 2, Agua Fria and El Recuerdo. All these microbasins collect
the rainfall from the upper part of the Abras de Mantequilla wetland generating a
discharge in the outflow of “El Recuerdo’” microbasin (Figure 2-20). The objective was
to calculate the discharge in this point. Precipitation data from three gauging stations
were used: Pichilingue, Pueblo Viejo and Vinces. Information about soil type,
topography, and size of the microbasins was evaluated. Several processes were
considered in the model: water loss, transformation from rainfall to runoff, and base
flow. The calibration point was the only gauging station in the wetland (Abras de
Mantequilla limnometric station), located 1.5 km downstream the outflow from the
El Recuerdo microbasin. In order to obtain the discharge from this gauging station,
the cross sections measured in the field were combined with the assumption that the

velocities in this point were comparable to the one of wetland inlet.

The year 2006 was considered as a training period for this model (Galecio, 2013), thus
the present model was also calibrated with this year. The microbasins areas of these
three small tributaries were: 4 km? for AAMT1; 7 km? for AAMT2; and 28km? for
AbanicoT1 (Figure 2-20 right panel). Afterwards, boundary conditions for different

hydrological years were quantified. For this purpose, the values of the parameters
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used for the calibrated year 2006 were maintained, but the precipitation was adjusted

for each of the other years of interest selected.

Figure 2-20 Abras de Mantequilla wetland (AdM) - main inflows and Hydrodynamic model schematization.
Left panel: 'El Recuerdo' (yellow dot) collects the run off of the five contributing microbasins from Upper
Chojampe Sub-basin (Chojampe 1, Las Tablas, Chojampe 2, Agua Fria and El Recuerdo). Abras de
Mantequilla wetland area (in light yellow). Right panel: Hydrodynamic model schematization - Abras de
Mantequilla wetland grid (from Delft3D-FLOW). Boundary conditions (in red lines). Low boundary
condition (Upstream AdM) represents the main inflow to the wetland 'The Nuevo River-Estero Boquerdn'.
Upper boundary conditions (EI Recuerdo, AdMT1, AdMT2 and Abanico T1) collect the run-off from
Chojampe subbasin (Galecio, 2013).
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2.3.3 Model verification

Measured and simulated values of water levels at 'El Recuerdo' (where the Abras de
Mantequilla limnometric station is located) were compared to assess the performance
of the model. For the verification, simulated water levels of the average year (2006)
were compared with their measured levels. The magnitude of the water levels was
well represented, however, simulated values showed more variation than the
observed ones (Figure 2-21). Reference bed level in the wetland is 6 meters above sea

level (m.a.s.l.).

2006 (Ave)
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Figure 2-21 Simulated and measured water levels at Abras de Mantequilla limnometric station ‘El
Recuerdo’ for the average year (2006). Measured (blue line), simulated (green line).

2.3.4 Model performance

The performance of the model was measured with the Nash-Sutcliffe coefficient
(Nash and Sutcliffe, 1970) (Eq 2-5). This coefficient is often used for the analysis of

hydrologic time-series to determine the relation between two sets of data (Eq2-5).

> (Hobs — Hsim)’ (Eq 2-5)

NS=1- _
> (Hobs —Hobs)-

Where:

NS = Nash-Sutcliffe coefficient (-o2 < NS <1)
Hobs = observed water level (m)
Hobs = average of observed water level (m)

Hsim = simulated water level (m)
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Measured and simulated values of water levels at El Recuerdo (where Abras de
Mantequilla limnometric station is located) were compared to assess the performance
of the model for the other conditions evaluated. Results indicate a satisfactory
performance of the model (NS = 0.77) and a correlation coefficient of 0.86 for the dry
year and 0.83 and 0.90 for a wet year (Table 2-4). For the dry year, the model
reproduces the magnitude and timing of the water levels satisfactorily, although a
shift of a few days was observed. The wettest years (1992 & 1998) showed an
adequate representation of the temporal pattern, although simulated values were
slightly lower than the measured ones for both simulations (Figure 2-22 ). Reference
bed level in the wetland is 6 meters above sea level (m.a.s.l.). The performance for
extreme years was again measured with the Nash-Sutcliffe coefficient. Overall,
results from the NS coefficient exhibit a satisfactory performance of the model, with
NS coefficients ranging from 0.57 to 0.83 and correlation coefficients over 0.76. These
results show that the general pattern of water level conditions for the years simulated

is well represented by the model (Table 2-4).

Table 2-4 Model performance measured with the Nash- Sutcliffe coefficient

YEAR NASH-SUTCLIFFE AVERAGE

COEFFICIENT(NS) R Hoss

1990 (Dry) 0.77 0.86 9.59
1992 (Wet) 0.83 0.90  10.85
2006 (Average) 0.57 0.76 9.60

1998 (EI Nifo) 0.67 0.88  11.96




Chapter 2 - Hydrodynamics of the tropical AdM river-wetland system| 39

1990 (Dry)

15

14

Water level (m)

7 —
6 T T T T T T T T T T T
30 60 90 120 150 180 210 240 270 300 330 360
Days
——— Simulated
—— Measured
1992 (Wet) 1998 (EI Nifio)
£ €
w =
(0]
3 8
8 B
<° ©
= -
8 —
7 4 7 4
6 T T T T T T T 6 T T T T T T T T T T
30 60 90 120 150 180 210 240 270 300 330 360

30 60 90 120 150 180 210 240 270 300 330 360

Days Days

Figure 2-22 Simulated and measured water levels at Abras de Mantequilla limnometric station ‘El
Recuerdo’. For: dry year (1990), wet year (1992), and extreme wet year (El Nifio-1998).



40 | Ecological modelling of river-wetland systems

2.4 Natural variability in hydrodynamic conditions

The main objective of building the hydrodynamic model was to assess the wetland
hydrodynamic functioning and patterns under different hydrological conditions in
order to evaluate the natural variability of this wetland-river system along the last
four decades. It is considered natural variability because during the period (1963-
2010), there has not been an important water abstraction from the wetland system
and inflows (e.g. a dam). Nevertheless, water in the surrounding inflows has been

used for irrigation.

To evaluate this variability several steps were performed: first, daily time series of
precipitation for the period (1963-2010) were analysed to determine the driest and the
wettest year during this period. From the analysis, the driest year recorded 1397 mm
of precipitation, the rainiest one 4791 mm. Secondly, the years of interest were
evaluated considering their total precipitation and return period, allowing the
selection of particular years that can describe the variability of this system. Three
years were identified as suitable to represent extreme years: 1990 (dry); 1992 (wet);
1998 (extreme wet-El Nifo) (Galecio, 2013).

2.4.1 Boundary conditions for extremes

Following to the identification of the years, the quantification of the six boundary
conditions: Nuevo River inflow and outflow; El Recuerdo, AdMT1, AdMT?2,
AbanicoT1, for each of these years was performed following the procedure
introduced earlier. For the Nuevo River, the boundaries were estimated from
equations (Eq 2-1 and Eq 2-2) obtained from the correlation analysis for discharge

and water level time series, respectively.

2.4.2 Initial conditions

Initial water levels set up for the model were determined for the different conditions
in two areas: the wetland and the river inlet. For the wetland, the water levels were
estimated from the limnometric station located in the wetland. For the river inlet, the
water levels were estimated based on the water levels downstream from the wetland,
which were calculated with a rating curve. Initial velocities were set to zero. Table 2-

5 presents the initial water levels for the simulated years.



Chapter 2 - Hydrodynamics of the tropical AdM river-wetland system| 41

Table 2-5 Hydrodynamic model-Initial conditions for water level (m)
for the different simulated years

YEAR WATER LEVEL (m)
WETLAND INLET
1990 (Dry) 8.84 9.60
1992 (Wet) 9.07 9.90
1998 (EI Nifo) 14.17 12.83

2.4.3 Variability in water depth

Minimum and maximum simulated water depths at different wetland areas are
presented in Table 2-6. One observation point at each wetland area was selected to
illustrate this range. The upper wetland showed minima between 1.2-1.5 m and
maxima between 5.2-7.5 m. The middle area had minima from 0.5-1.5 m and
maxima from 4.2-8.6 m. At the lower area, minima ranged from 0.4-1.5 m, and
maxima were up to 8.6 m. Considering the different simulated conditions, maximum
values occurred during the El Nifio year 1998. When analyzing the averages, it can be
seen that the El Nino year was the one with higher averages in the three areas
compared to the rest of simulated conditions, indicating that longer periods with
higher water depths occurred during this year. Minimum water depths were
observed during the dry year. Overall, the wetland experienced historical

fluctuations from 0.4-8.6 m.

Table 2-6 Simulated water depths results (m) of observations points located at the upper, middle,
and lower wetland areas, for the different conditions/years

S1 S2 S7
YEARS MIN  MAX  AVE MIN  MAX  AVE MIN  MAX  AVE
1990 (Dry) 1.2 5.2 2.3 0.5 4.2 14 0.4 6.6 2.5
1992 (Wet) 1.4 6.4 3.1 1.2 8.0 4.0 1.2 8.0 4.1

1998 (EI Nifo) 1.5 7.0 3.4 1.5 8.6 4.7 1.5 8.6 4.7
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2.4.4 Variability in inundation area

The inundation variability during the first six months of the year (January-June) for
extreme and average years is presented in Figure 2-23 & Figure 2-24. The peak of the
wet season mostly occurs during February-March (Figure 2-23), Results from the
spatial analysis indicate that during a dry year (1990) the flooding was evident from
February till May, while during the wettest year (1998) it was extended till June. The
average year follows a similar pattern to the one of the dry year (Figure 2-24).
Although the typical wet season is from January to May the figure also shows the
month of June, which is considered a transition month in Ecuador. The
representation of the dry season with a typical low inundation extent is depicted for
the baseline and average year 2006 in Figure 2-25. This year was considered an
average year because the precipitation during 2006 was an average precipitation
from the period 1963-2010.
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Figure 2-23 Water depth (m) maps (January-March) first trimester of the year. February-March are
mostly the peak months of the wet season. For: dry year (1990), extreme wet year (El Nifio-1998),
and average year (2006). Scale bar indicates the water depth range (m).
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Figure 2-24 Water depth (m) maps (April-June), June is considered as transition month to the dry
season. For: dry year (1990), extreme wet year (El Nifio-1998), and average year (2006). Scale bar
indicates the water depth range (m).
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Figure 2-25 Water depth (m) maps for the DRY SEASON (July-December) for the average year
(2006). Scale bar indicates the water depth range (m).

2.4.5 Variability in flow velocities

Several processes are driven by water velocity, so it is important to analyse the flow
patterns occurring in both the wetland area and at the inflows, under different
conditions. Measured values from campaigns 2011 and 2012 indicated that velocities
in the wetland area were up to 0.4 m/s, and in the river inflow up to 0.8 m/s (Table 2-
7). In the wetland area higher values were measured at observation point S7 (0.4 m/s)
due to the proximity to the main inflow from Nuevo River, which showed values
between 0.6-0.8 m/s. Since the campaigns took place at the peak of the wet season
(February 2011 and March 2012), these measured values represent typical velocities
during this period of the year at these observation points. Measured and simulated
velocities were in the same range (Table 2-7 & Table 2-8). Pooled velocities from sites
located in the three wetland areas showed that average simulated velocities ranged
from 0.02-0.10 m/s, with maximum values up to 0.54 (1998 -El Nino year). In the
Nuevo River average values were up to 0.28 m/s, and maximum ones up to 0.78 m/s
(1992) (Table 2-8). Thus, measured velocities were closer to the maximum simulated
velocities, confirming that the measurements were performed during the peak of the

wet season.
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Table 2-7 Measured velocities during campaigns 2011&2012

OBSERVATION  VELOCITY

LOCATION POINTS (m/s)
0.3

St

WETLAND AREA S2 0.2
S7 0.4

NUEVO RIVER S4 0.8

INFLOW S3a 0.6

NUEVO RIVER S13a 0.8

OUTFLOW

Table 2-8 Simulated velocities (m/s) for the different conditions/years (whole year simulation)

WETLAND ¥ Nuevo River ®
YEARS MIN  MAX® AVERAGE MIN  MAX  AVERAGE
1990 (Dry) 0.00 0.39  0.02 0.00  0.42 0.18
1992 (Wet) 0.00 0.49 0.06 0.00 0.78 0.27
1998 (EI Nifio)  0.00 0.54 0.10 0.00  0.60 0.28

Note: (A) includes all simulated values from points: S1, S2, S7, S3c and Abanico F,
(B)is represented by point S3a

More in detail, average and maximum simulated velocities at each observation point
are presented in Table 2-9 and Table 2-10 to describe the differences between the
wetland areas. Average velocities were between 0.01 and 0.18 m/s (Table 2-9); while
maximum ones were up 0.5 m/s (Table 2-10).

Table 2-9 Simulated average velocities (m/s) of each observation points located at the Lower,
Middle and Upper wetland areas for different conditions (whole year simulation)

WETLAND AREAS

LOWER MIDDLE UPPER
Years S7  S3c S2  Abanico F S1
1990 (Dry) 0.03 0.05 0.001 0.004 0.02
1992 (Wet) 0.10 0.06 0.10  0.01 0.02
1998 (EI Nifo) 0.18 0.07 0.18  o0.01 0.04

Maximum velocities were evident in the lower area of the wetland (S7, S3c), due to
the proximity to Nuevo River inflow. However, at the middle area (52), higher values
around 0.5 m/s occurred during the wettest years (1992 and 1998). At the upper

wetland area, maxima were only up 0.18 m/s (Table 2-10).
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Table 2-10 Maximum simulated velocities (m/s) of observation points located at the Lower, Middle
and Upper wetland areas for the different conditions (whole year simulation)

WETLAND AREAS
LOWER MIDDLE UPPER
YEARS S7 S3c¢ S2  ABANICO S1
1990 (Dry) 0.26 0.39 0.01  0.06 0.13
1992 (Wet) 0.49 0.30 0.49 0.10 0.12
1998 (EI Nifo)  0.54 0.26 0.54 0.07 0.18

2.4.6 Variability in inundation area and volume

The variability of the wetland inundation area and volume is valuable because it
provides an overall representation of what the system has experienced historically in
terms of inundation area patterns. Water level results from the hydrodynamic
simulations were used in combination with a stage volume curve to estimate the
corresponding inundated areas and volume for each day of the simulation period

(one year). The stage volume was built from the available topography of the wetland
(Figure 2-26).
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Figure 2-26 Stage-volume curve for Abras de Mantequilla wetland

For the analysis of the variability in inundation area, three approaches were
performed. A first approach was to have a general overview of the inundation
variability. Daily inundation area results from the different hydrological conditions
simulated were pooled together for this purpose. The pooled simulation results show
that, historically, the wetland has experienced changes in inundation area from 5-27

km? (Figure 2-27), given the set up of the hydrodynamic model.
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Figure 2-27 Boxplot of wetland inundation area (km?). Built with a stage volume curve and
Delft3D-FLOW simulations results (one year simulation), from: dry year (1990); extreme wet year
(El Nifo-1998). Each month built with the daily values of each simulation. Blue line (mean). Left
panel: upper and lower black dots show the 5th and 95th percentiles. Right panel: black dots
show each outlier. Months display from left to right: January (1), to December (12).

A second approach was to calculate the monthly average of the inundation area for
each year/condition from daily-simulated results. Results of this approach indicated
that historically the wetland has experienced an average monthly flooding from 5-23
km?. A high variability between the different simulations is evident during the wet
season period (January to April). During the dry season, there was no variation
among the simulations, since all reached a value of 5 km? (Figure 2-28). Nevertheless,
the exception was the maximum historical since this time series includes the entire
set of extreme wet conditions for a long historical period (1962-2010), and therefore
includes also the isolated high events that occurred during this long period (Figure
2-28).
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Figure 2-28 Monthly average of wetland inundation area (km?). Calculated from a stage volume
curve and Delft3D-FLOW simulations results (one year simulation), from: dry year (1990); extreme
wet year (El Nifio-1998); Minimum and Maximum historical (period 1962-2010).
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2.5 Water balance and relative contributions of inflows

2.5.1 Water balance

The calculation of the water balance was performed in order to estimate the
contribution of the inflows (Nuevo River, Upper Chojampe tributaries, precipitation)
and outflows (Nuevo River, evaporation, evapotranspiration, infiltration) (Eq 2-6).
The inflow values for Nuevo River and Chojampe tributaries were obtained from the
model estimated boundary conditions, while the outflow of Nuevo River from the

results of the simulation.

4 As
(QNR inflow {rizzl: Qtributary i + P) - (QNR outh0W+E+ EV+|) = A’[ (Eq 2—6)
where:
Q nrinflow = discharge entering the wetland from Nuevo River
Q tributary | = discharge from the four tributaries from Chojampe subbasin
P = precipitation over the wetland
Q nRroutflow - discharge in Nuevo River flowing outside the study area
E = evaporation from the wetland inundated area
Ev = evapotranspiration from area not inundated
| = infiltration

S = storage

For the estimation of the remaining parameters, the following methodologies were

applied:

Precipitation (P) was calculated with the data from Pueblo Viejo and Vinces gauging

stations; the area of influence was considered to be the total modelled area.

Evaporation (E) was calculated with the Penman Open Water Evaporation equation
(Penman and Keen, 1948), with parameters from Table 2-11, and considered to occur

at the open water of the wetland inundated area.

Evapotranspiration (Ev) was calculated with the Penman-Monteith equation, and
considered to occur at not inundated areas. A crop height of 0.6 meters was used in
combination with the parameters from Table 2-11. This height value was selected
because the vegetation present in the study area corresponds mainly to short-term
crops (rice, maize) that have this average value. Furthermore, forest cover is almost
absent (3% of the total area) (Arias-Hidalgo, 2012).
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Infiltration (I) was calculated with the assumption that occurs in the saturated part of
the wetland inundated area. A saturated hydraulic conductivity was estimated as 10
mmy/d, since the soil type in the area is loamy clay and inorganic clay (Arias-Hidalgo,
2012).

Storage (S) was calculated with the water level variation and the stage-volume curve

built from the topography (Figure 2-26).

Table 2-11 Parameters for calculation of open water evaporation

PARAMETERS VALUES
Temperature (°C) 25
Wind (m/s) 0.5
Sunshine (hours) 4

Relative humidity % (RH) 89

Results from the water balance analysis (Table 2-12) determined that overall the
Nuevo River inflow accounted for 86% of the total inflow, and the four tributaries
from Chojampe subbasin for 11% of the total inflow (average of all simulations)
(Figure 2-29). This pattern is maintained for the different years simulated, with minor
oscillations in the contribution percentages (Figure 2-29).The contribution of Nuevo
River inflow ranged from 83% (1998-el Nifio) to 89% (2006). During wettest years, the
contribution of the total inflow of Chojampe was higher than for the rest of
simulations, indicating an increase in run-off during this extreme wet condition.
Precipitation contribution directly in the area had a minor contribution ranging from
2.3% (1990-dry year) to 3.6 % (1992-wet year). The overall assessment of the outflows
determined the significance of Nuevo River, which accounted with percentages
above 95% while evaporation open water, evapotranspiration, and infiltration
accounted for 0.4%, 2%, and 0.8%, respectively. Evapotranspiration was slightly
higher during dry conditions (1990-dry), with percentages around 3% (Figure 2-29).
Regarding volumetric errors, the results showed that during wettest years (1992 and
El Nifo-1998) the errors were higher than during the average and dry year (Table 2-
12).
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Table 2-12 Estimated water balance for the different conditions/years simulated
(whole year simulation)

1990 2006 1992 1998
UNITS  (DRY) (Ave) (WET)  (ELNIRO)
Inflows Upper Chojampe tributaries:
El Recuerdo 10°m> 189.2  240.1 299.9 542.4
AdM T1 10°m3 2.0 5.8 7.6 21.8
AdM T2 10°m®> 3.6 102 30.9  38.1
Abanico T1 10°m?®  17.5  44.4 120.6 153.9
Nuevo River 10°m? 1607.3 3025.3 3691.8 4443.1
Precipitation 10°m? 42.6 78.4 155.5 177.0
Outflows Evaporation open water 10°m® 112 132 -14.6  -16.0
Evapotranspiration 10°m?® 631  -60.7 -59.0 -57.4
Infiltration 10°m> -20.6 -24.2 -26.8 -29.3
Outflow Nuevo River 10°m3 -1786.9 -3252.3 -4080.7 -5184.3
Total Inflow 10°m> 1862.1 3404.2 4316.2 5376.3
Total outflow 10°m> -1881.8 -3350.5 -4181.1 -5287.0
Storage 10°m’ 2.2 0.0 1.4 -69.0
Volumetric error 10°m’ -21.9 53.7 133.7 158.4
Simulation time days 363.0 363.0 363.0 363.0
Discharge error (m3s) -0.7 1.7 4.3 5.0
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Figure 2-29 Relative importance (%) of inflows and outflows in AdM for the different
conditions/years simulated. Upper panel: Inflows contribution; Lower panel: INFLOWS &
OUTFLOWS (separated by dashed line)
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2.5.2 Relative contributions of inflows

One of the objectives of this chapter was also to evaluate the contributions of the
different inflows but at specific wetland locations. Thus, a tracer analysis was applied
to evaluate the transport in the wetland using the WAQ module of the DELFT3D
software suite, which was coupled with DELFT3D-FLOW. For this purpose, one
conservative tracer was assigned to each boundary condition of the model, while an
additional tracer was assigned to the initial condition. Results from five observation
points located in the upper, middle and low wetland were used for this analysis. The
simulations were also performed for each year condition. The model solves the
advection diffusion-reaction equation (Eq 2-7) on a predefined computational grid
for a wide range of substances. There are two different parts: (i) solving the equations
for advective and diffusive transport of substances in the water body; and (ii) model
the water quality kinetics of chemistry, biology, and physics that determines the
behaviour of substances and organisms. The model does not compute the flow, so it
needs to be connected/coupled to a hydrodynamic flow model (Deltares, 2013a;
Deltares, 2013d; Deltares, 2014).

(Eq2-7)

oc _ uaC—vac+i(Dxa—C)+i(Dyi)+S+P
ot 0x dy 0OX ox" oy ay

Source: Adopted from Blauw et al., (2008); Smits and van Beek (2013)

Where:

C = concentration (gm-?)

u, v, w = components of the velocity vector (ms™)

Dx, Dy, Dz = components of the dispersion tensor (m*s-")

X, ¥, z = coordinates in three spatial dimensions (m)

S = sources and sinks of mass due to loads and boundaries (g m?s™)

P = sources and sinks of mass due to processes (g m>s™)



Chapter 2 - Hydrodynamics of the tropical AdM river-wetland system| 53

A spatial representation of the tracer analysis for the two main inflows is presented
in Figure 2-30. The two main inflows in terms of water contribution are represented

for the same days in order to visualize the contribution of each inflow at the same
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Figure 2-30 Conservative TRACERS transport at the two main inflows of AdM. Upper panel: El
Recuerdo inflow; Lowe panel: Nuevo River inflow. One snapshot per month (Snapshots only for
wet season).

The tracer analysis results showed that the upper wetland area (S1) is controlled by
the Upper Chojampe (90-96%) influence that decreases in the middle area (S2) to (70-
83%). At these two observation points, the Nuevo River inflow was not important
(Figure 2-31). Results from AbanicoF, also located in the middle wetland area but in
the Abanico branch, indicate that this point is dominated by the Abanico microbasin
(40-78%) being higher during the wettest years. In this branch, the Nuevo River also
showed an influence (4-28%) that decreased in the wettest years. Thus, during the
wettest years, the Abanico branch is more influenced by the Abanico microbasin than
by the Nuevo River (Figure 2-31).
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At the lower wetland area (S3c and S7) the Nuevo River was the main source of
water. At the intersection of the two branches (S7) the influence of the Nuevo River
was between 19 and 52%, being higher during dry years. Upper Chojampe and
Abanico also influenced this point: Upper Chojampe showed similar contributions
over the years, while Abanico showed higher contributions during wettest years (up
to 40%). At S3c, the closest wetland point to the inflow, the Nuevo River provides the
dominant inflow (44-66%) being relatively constant, except for the El Nifio year. The
contribution of the Upper Chojampe subbasin at this point was between 23 and 39%
(Figure 2-31).
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Figure 2-31 Relative contribution (%) of each tributary at observation points located at Upper,
Middle and Low wetland areas, for the different conditions simulated.
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2.5.3 Residence times

Several biogeochemical processes are driven by residence times. The residence times
for various parts of the wetland were calculated using a passive tracer approach with
prescribed initial conditions, in accordance with the procedure proposed by Takeoka
(Takeoka, 1984). The procedure considers the remnant function, which is defined as
the concentration of a compound at the initial time (Co) and at time t (C(t)). From this
concentration variation, the residence time was defined by equation (Eq 2-8) as:

. :fc'::)

oo

dt = f x(t)dt

1]

(Eq 2-8)

G

The residence time was calculated for the observation points used in the tracer
analysis. The results indicate that the middle wetland areas (52 and Abanico F) are
the ones with higher residence times with averages of 20 and 30 days, respectively.
Lowest residence times were found in areas dominated by one inflow (S1 and S3c),

with average values of 12 and 5, respectively (Table 2-13) and (Figure 2-32).

Table 2-13 Residence time (days), at upper, middle and low wetland observation points.

UPPER MIDDLE LOWER
YEARS S1 S2  ABANICOF S7  S3c
1990 (Dry) 14 26 34 12 4
2006 (Ave) 15 25 37 20 6
1992 (Wet) 12 15 19 7 3
1998 (EINino) 8 16 30 22 9

AVERAGE 12 20 30 15 5
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Figure 2-32 Residence time (days), at upper, middle and low observation points
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2.6 Conditions during measurement campaigns 2011&2012

Once the hydrodynamic functioning of AdM wetland was determined, the next
objective was to know which were the hydrological conditions during the years
when the measurement campaigns were carried out (2011 and 2012), Figure 2-33
summarizes the precipitation conditions at those times (February 2011, January and
March 2012).
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Figure 2-33 Monthly precipitation in Pichilingue station, for the sampling years 2011 & 2012.
Months display from left to right: January (1), to December (12)

2.6.1 Boundary conditions

The six boundary conditions (Nuevo River inflow and outtflow; El Recuerdo; AAMT1;
AdMT2; AbanicoT1) for the years 2011 and 2012 were calculated following the same

procedure as for the conditions presented earlier (section 2.4).

2.6.2 Initial conditions and water level

Initial water levels were determined for two areas: (i) inside the wetland and (ii) at
the river inlet. For the wetland, the water levels were estimated from the limnometric
station located inside the wetland. For the river inlet, the water levels were estimated
based on the water levels downstream from the wetland, which were calculated with
a rating curve. Initial velocities were set to zero. Table 2-14 presents the initial water

levels for the simulated years.

Table 2-14 Hydrodynamic model-Initial conditions for water level (m)

for the sampling years 2011 & 2012

WATER LEVEL (M)

YEAR WETLAND INLET

2011 & 2012 9.35 8.95
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The limnometric station only has recorded values until 2007, thus the years 2011 and
2012 have only simulated results and could not be compared with measured ones.
However, the months where the maximum water levels occur follow the same
patterns of the previous simulated conditions (Figure 2-34). Reference bed level in

the wetland is 6 meters above sea level (m.a.s.l.).
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Figure 2-34 Simulated water levels at Abras de Mantequilla limnometric station ‘El Recuerdo’. For
the sampling years 2011 & 2012.

Relatively high water depths occurred during 2012, while lower water depths were
observed during 2011. Overall, the wetland experienced fluctuations from 0.5-9.0 m
for the two sampling years (Table 2-15).

Table 2-15 Simulated water depths results (m) of observations points located at the upper, middle,
and lower wetland areas, for the sampling years 2011 & 2012

S1 S2 S7
(UPPER WETLAND) (MIDDLE WETLAND) (LOWER WETLAND)
YEARS MIN MAX AVERAGE MIN MAX AVERAGE MIN  MAX AVERAGE
201 1.3 5.8 2.4 0.5 5.5 2.5 0.9 7.4 3.3

2012 1.3 7.5 2.4 0.6 8.9 3.1 1.5 9.1 3.3
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2.6.3 Flow velocities

Measured values from campaigns 2011 and 2012 indicated that velocities in the
wetland area were up to 0.4 m/s and in the river inflow up to 0.8 m/s (Table 2-16). In
the wetland area higher values were measured at observation point S7 (0.4 m/s) due
to the proximity to the main inflow from the Nuevo River, which showed values
between 0.6-0.8 m/s. Since the campaigns took place at the peak of the wet season
(February 2011 and March 2012), these measured values represent typical velocities
during this period of the year at these observation points. Measured and simulated
velocities were in the same range (Table 2-16 &Table 2-17). Pooled velocities from
sites located in the three wetland areas showed that average simulated velocities
during the sampling years were up to 0.05 m/s, with maximum values up to 0.90 m/s
(2012). In the Nuevo River average values were up to 0.26 m/s, and maximum ones
up to 0.70 m/s (2012) (Table 2-17). Measured velocities were close to the maximum
simulated velocities, confirming that the measurements were performed during the

peak of the wet season.

Table 2-16  Measured velocities during campaigns 2011&2012

OBSERVATION VELOCITY

LOCATION POINTS (m/s)
S 0.3
Wetland area S5 0.2
S7 0.4
Nuevo River inflow >4 0.8
S3a 0.6
Nuevo River outflow S13a 0.8

Table 2-17 Simulated velocities (m/s) for the sampling years 2011 & 2012 (whole year simulation)

WETLAND ¥ NUEvo RIver ®
YEARS MIN  MAX AVERAGE MIN  MAX  AVERAGE
2011 0.00 0.78  0.04 0.00  0.54 0.26
2012 0.00 0.90  0.05 0.00  0.70 0.24

®includes all simulated values from points: S1, S2, S7, S3c and Abanico F; Bis represented by point S3a
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Average velocities for years 2011 and 2012 were between 0.01 and 0.08 m/s (Table 2-
18) while maximum ones were up 0.9 m/s (Table 2-19). Maximum velocities were
evident in the lower area of the wetland (57, S3c) due to the proximity to the Nuevo
River inflow. At the middle area (S2) maximum values were up to 0.45 m/s, while at

the upper wetland area maxima were only up 0.13 m/s (Table 2-19).

Table 2-18 Simulated average velocities (m/s) of each observation points located at the Lower,
Middle and Upper wetland areas for the sampling years 2011 & 2012 (whole year simulation)

WETLAND AREAS
LOWER MIDDLE UPPER
YEARS S7 S3¢ S2  AbanicoF S1
2011 0.06 0.07 0.03 0.00 0.02
2012 0.07 0.08 0.05 0.01 0.03

Table 2-19 Maximum simulated velocities (m/s) of observation points located at the Lower,
Middle and Upper wetland areas for the sampling years 2011 & 2012 (whole year simulation)

WETLAND AREAS
LOWER MIDDLE UPPER
YEARS S7  S3c S2  ABANICOF S1
2011 0.53 0.78 0.27 0.21 0.13

2012 0.45 0.90 0.45 0.28 0.13
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2.6.4 Water balance

Once the water balance for the other conditions was established as well (Table 2-12),
the magnitude of the inflows and outflows for the sampling years 2011 / 2012 were
established on an annual basis (Table 2-20). Results from the water balance analysis
indicated that the Nuevo River inflow importance was slightly higher during 2011
(90% compared with the other conditions), while 2012 had a similar importance as
the wet year (1992). Thus, the overall importance of the Nuevo River inflow can
reach up to 90%, which is close to the previously determined overall average of all
simulations (86%). For the four tributaries from Chojampe subbasin, the year 2011
showed an 8% contribution, close to the an average year (9%), while 2012 (12%) was
closer to the wet year 1992 (11%) (Figure 2-35).

Table 2-20 Estimated water balance for the sampling years 2011-2012 (whole year simulation)

UNITS 2011 2012

INFLOWs Upper Chojampe tributaries:

El Recuerdo 10°m3  134.9 246.7
AdM T1 10°m3 5.4 9.0
AdM T2 10°m? 9.4  15.9
Abanico T1 10°m> 385  64.7
Nuevo River 10°m?  2154.1 2372.6
Precipitation 10°m? 59.4 102.2
OuTFLOWS Evaporation open water 10°m? 1.5 -11.6
Evapotranspiration 10°m®  -62.7 -62.9
Infiltration 10°m3 212 212
Outflow Nuevo River 10°m>  -2236.6 -2612.0
TOTAL INFLOW 10°m3 2401.8 2811.1
TOTAL OUTFLOW 10°m?  -2332.0 -2707.6
Storage 10°m? 5.2 1.7
Volumetric error 10°m?>  64.6 101.8
Simulation time days 363.0 363.0

Discharge error (m3/s) 2.1 3.2
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Figure 2-35 Relative importance (%) of inflows and outflows in AdM for the different conditions
simulated. Upper panel: Inflows contribution; Lower panel: INFLOWS & OUTFLOWS (separated by
dashed line)
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2.6.5 Temporal inundation patterns

The inundation areas for the years 2011 and 2012 is presented with monthly averages
calculated from daily-simulated results. The yearly trend of the inundation area for
both years was in the overall range found for the other conditions; however, 2012

had some minimum values below the historical minimum (MINhisto) (Figure 2-36).
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Figure 2-36 Monthly average of wetland inundation area (km?). Calculated from a stage volume
curve and Delft3D-FLOW simulations results (one year simulation), from: dry year (1990); extreme
wet year (El Nifo-1998); MINIMUM and MAXIMUM historical (period 1962-2010), and sampling
years 2011&2012.

2.6.6 Spatial inundation patterns

The spatial inundation patterns at the times of the monitoring campaigns 2011 and
2012 were obtained from the DELFIT3D-FLOW model as illustrated in Figure 2-37.
Even though both campaigns were carried out during the wet season, a clear
difference (by about a factor of three) in inundation area is observed. These results
are important for the evaluation of the water quality and ecological analysis as

elaborated in the following chapters.
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Figure 2-37 Abras de Mantequilla wetland under two different inundation conditions. a) Low
inundation conditions (LIC) during sampling of February 2011 ( 8.1 km*/810 hectares. b) High
inundation conditions (HIC) during sampling of March 2012 (24.41 km® | 2441 hectares). Built based
on DELFT3D-FLOW output. Circles with dotted lines represent the 4 wetland ZONES/areas.

2.7 Discussion

2.7.1 Natural variability of hydrodynamic conditions

The Abras de Mantequilla wetland is a river-wetland system that experiences
extreme variations in hydrodynamic conditions: from low water depths and almost
stagnant conditions during the dry season, to very dynamic ones during the rainy
season. The Vinces River, located in the Quevedo-Vinces basin, diverts around 40%
of the water to the Nuevo River, which constitutes the main inflow to the system. The
wetland flooding starts in January and continues till April, with the exception of

extreme wet years, when the rainy season lasts longer.

Temporal analysis of the boundary conditions showed that the timing of peak
discharges varies from year to year, but occur usually during the months of February
and March. Results from the hydrodynamic model indicated that historically, the

wetland has experienced significant variations in water depth from 0.4 to 9.0 meters,
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in inundation areas from 5km? to 27 km?, and in velocities from 0.0 to 0.9 m/s. The
maximum discharges from the Nuevo River into the wetland system also showed
high variations between the conditions simulated, increasing up to three times in
magnitude from a dry condition year to an extreme wet one (up to 650 m3/s). Overall,
these extremes in hydrodynamic characteristics characterize this wetland system as

being highly dynamic.

The evaluation of inundation patterns showed that during the rainy season the
wetland has higher water depths (up to 9 meters) and inundated areas can reach
maxima of 27km?, depending on the year and condition evaluated. During the dry
season, the inundation area is reduced to more or less constant values of around
5km?.

2.7.2 Inflows assessment

The results from the hydrodynamic assessment revealed that the 'Nuevo River' is the
main inflow to the wetland, with an overall contribution of about 86%. The four
tributaries from the Chojampe subbasin contribute with around 11%. From these
four tributaries, the inflow from the Upper Chojampe subbasin collected at the point
'El Recuerdo' is the most important, contributing up to 10% of this inflow. Direct
precipitation on the system was not found important, contributing only with 3%. The
Nuevo River is the main outflow of the wetland (95%), while evaporation,

evapotranspiration and infiltration accounted for the rest.

2.7.3 Spatial analysis, inflows contribution and residence times

The tracer analysis indicated that the wetland could be divided into three main areas
(upper, middle and low) based on the influence of the aforementioned inflows at the
selected points. The 'upper part' of the wetland was dominated by the Upper
Chojampe inflows where the contribution of the Nuevo River was almost
nonexistent. Results from the model indicate the flow in this area is not exhibiting
any dynamic effects in flooding and ebbing patterns. Overall, this area is
characterized by low velocities (not higher than 0.2 m/s) and average residence times
of about 12 days.

The 'middle part' of the wetland represents a transition area mainly influenced by the
Upper Chojampe subbasin for the Abras branch (52), and by the Abanico subbasin
for Abanico F. Moreover, in these middle areas, the Nuevo River also showed an
influence. However, since the Abanico branch has lower discharges than the Abras
branch, the influence of the Nuevo River reaches further upstream (Galecio, 2013).

The middle area (S2) presents a high variability in flow velocities, from values close
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to zero to values up to 0.6 m/s during extreme wet conditions. Model results at this
point indicated that lower velocities occurred during periods of high influence of

Nuevo River, while higher velocities during peak discharge from Upper Chojampe.

On the other hand, the Abanico branch is characterized by low velocities (not higher
than 0.2 m/s) that did not show significant variation between dry and wet conditions.
Average retention time in the middle areas is about 20 to 30 days for Abras (52) and
Abanico branch respectively, being the highest of the three-wetland areas. This is an
important feature of the middle wetland area, since this may promote an increase in
biological processes. It is well known, that both residence time and water depth
support in describing the flow conditions of a system, and associated high flows with

higher water depths and faster travel times (Van Breemen et al., 2002).

The 'lower part', located between the Nuevo River and the confluence of the two
main branches of the wetland, is characterized by a strong influence from the Nuevo
River. Nonetheless, this area experiences a mixing of the different tributaries, which
is determined by the changes in magnitude of the Nuevo River. Thus, an increase in
discharge of Nuevo River nearly removes the contribution from Upper Chojampe
and Abanico subbasins, whereas a decrease in discharge promotes it. High velocities
characterize this area and this pattern was observed during all conditions simulated.
Due to the high dynamics of this area, retention times were lower than the ones of
the middle area, with average values of about 12 days at the junction of the two

branches, and 5 days close to the Nuevo River inlet point.

2.7.4 Conditions during the sampling campaigns compared to historical conditions

The hydrodynamic assessment performed in this chapter was useful also to position
the sampling years of this research (2011 and 20120 in the historical spectrum.
Temporal and spatial results of water depth, inundated areas and inflow
contributions for both years were compared with the rest of the conditions
simulated. As a result, it was found that the year 2011 resembles dry conditions,
while the year 2012 is close to the wettest conditions, at least over the hydrological

time span evaluated in this thesis.



"A scientist in his laboratory is not a mere technician: he is also a child confronting natural

phenomena that impress him as though they were fairy tales”

Marie Curie

3

ENVIRONMENTAL VARIABLES
AND SPATIAL PATTERNS
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3.1 Background

Tropical freshwaters often have clear hydrological seasonal inundation patterns,
affecting flow velocity, water chemistry, and organism metabolic rates (Lewis,
2008). In the tropics, seasonality is based mainly on hydrology instead of hydrology
and temperature, drivers typical for temperate latitudes (Lewis, 2008). In humid
equatorial areas close to the sea, annual and daily fluctuations of water temperature
are minor, and as a result tropical water systems are thermally quite stable (Lewis,
2008). Wetlands are also strongly influenced by the hydrology of their surrounding
catchments, from which they receive nutrients and other dissolved and suspended
material. Thus, wetlands act as a periodic or permanent sink of inorganic sediments,

nutrients and organic carbon (Junk, 2002).

Hydrology is a major factor influencing chemical processes in the AdM wetland. The
hydrologic conditions that occur (Chapter 2) influence biogeochemical processes and
spatial variation of chemical substances (Mitsch and Gosselink, 2007). AdM is a
seasonally flooded system with a strong influence of the Nuevo River inflow. The
AdM study area is mainly surrounded by crops of rice and maize (Arias-Hidalgo et
al., 2013), with a low human density population in the vicinity of the wetland water
body. Organic matter produced by humans in the immediate surroundings is
expected to be small. Concentrations in the AdM wetland are expected to be more

influenced by external sources and inputs transported by the Nuevo River inflow.

This chapter focuses on the analysis of the environmental variables in the water
body and sediments of the wetland. Spatial patterns and gradients of environmental
variables are explored via multivariate analysis, which reduce the complexity of
large datasets (Clarke and Warwick, 2001). This chapter identifies the overall range
of water and sediments physico-chemical concentrations in the different wetland
areas and in the river inflow. Two hypotheses are evaluated, the first is that the
concentrations from the physico-chemical variables differ from the ones of the river
inflow, and the second is that these concentrations may change depending on the
inundation periods the wetland experiences. Thus, research questions in this chapter

are:

* Do the spatial patterns of the environmental data differ from a low

inundation period to a high inundation one?

*  Which are the main environmental variables (physico-chemical, water depth,

velocity) describing these environmental patters?
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3.2 Field measurement campaigns

3.2.1 Selection of environmental variables

A suite of environmental variables to be collected in the water body and sediments
was chosen to evaluate the trophic status and organic components of the AdM river-
wetland (Table 3-1). This list of variables represents an overall synoptic survey of

physical and chemical ambient conditions.

Table 3-1 Water and sediment variables selected for sampling

WATER VARIABLES UNITS SEDIMENT VARIABLES UNITS
pH Sulphides mg/kg
Temperature (°O) Sand %
Conductivity uS/cm Silt %
Turbidity NTU Clay %
Hardness mg/CaCO,/l Nitrites (NO,_N) mg/kg
Alkalinity mg/CaCO,/l Nitrates (NO;_N) mg/kg
Dissolved oxygen (DO) mg/l Ammonium (NH,_N) mg/kg
Biochemical oxygen demand (BOD) mg/!l Dissolved inorganic nitrogen (DIN) mg/kg
Chemical oxygen demand (COD) mg|/l Organic nitrogen (N_organic ) mg/kg
Total suspended solids (TSS) mgj/| Total nitrogen (N_Total) mg/kg
Total solids (TS) mgj/l Phosphates (PO4 P) mg/kg
Nitrites (NO,_N) mgj/| Organic phosphorus (P_organic) mg/kg
Nitrates (NO;_N) mgj/l Total phosphorus (P_Total) mg/kg
Ammonium (NH,_N) mg/l Organic matter %
Dissolved inorganic nitrogen (DIN)  mg/l Carbonates %
Organic nitrogen (N_Organic) mgj/I Organic carbon %
Total nitrogen (N_Total) mg/l COD (Chemical oxygen demand) mg/kg
Phosphates (PO4_P) mgj/l

Organic phosphorus (P_Organic) mg/I

Total phosphorus (P_Total) mgj/l

Silicates (SiO,_Si) mgj/l

Organic carbon mg|l

Chlorides mg|/l

Sulphates mg/l

Sulphides mg/l

Chlorophyll_a pg/l

Secchi depth m

Water velocity m/sec
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3.2.2 Identification of sampling sites and inundation conditions

The AdM wetland was sampled during two different inundation periods, both in the
wet season (Figure 3-1). Low inundation conditions (LIC) occurred at the beginning
of the wet season (Feb 2011) while high inundation conditions (HIC) were observed
during the measurement campaign of March 2012. In terms of area, the wetland
increases by about a factor of three from LIC to HIC (Chapter 2). In order to sample
the wide range of abiotic and biotic variables, the campaigns were developed with
the support of the National Institute of Fisheries of Ecuador (INP), University of
Guayaquil, ESPOL Polytechnic University, and Efficacitas. INP provided technical
staff, logistics, and equipment; University of Guayaquil and ESPOL staff and
equipment, and Efficacitas equipment. The WETwin project (Chapter 1) provided

financial support for the laboratory costs of analysing the samples.

First Measurement Campaign (LIC)

During the first campaign (February 2011), sampling sites were selected according to
a spatial distribution representing the main hydrological features of the wetland and
inflow river, using expert judgment and maps of the area. The sampling was
performed over four days (February 8th till February 11%). The wetland was divided
into three sections: (i) upper (S5, S6, S1); (ii) middle (S2); and (iii) lower (57, S3b, S3c),
which are lentic sites with flow velocities < 0.3 m/s (Table 3-2). To characterize the
Nuevo river (main inflow to the wetland), sites were located along the Nuevo River
(511, 54, S3a) with velocities up to 0.8 m/s. S3a is located at the mouth of the wetland
and S11 close to the Vinces River. S13 corresponds to the outflow (downstream
section of Nuevo River). S9 is located at the North of the wetland representing the
rainfall-runoff/drainage area of the Chojampe sub-basin (Figure 3-1a). A total of 39
physico-chemical variables were measured in the water column and sediments
(Appendix C- Table C1). The variables were selected to cover a range of abiotic
characteristics as a first effort for potential use for long term monitoring to support
AdM wetland management (Alvarez-Mieles et al, 2013). Furthermore, an
intermediate campaign was carried out during January 2012 at the start of the
inundation season. This campaign focused on the sampling of physico-chemical
variables (Appendix C-Table C2).
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Second Measurement Campaign (HIC)

This campaign was performed during the peak of the wet season (March 2012) over
4 days from March 5th to March 8th. The same sites of February 2011 were sampled
with the exception of S3b and S9 (Table 3-2). Furthermore, a new site S13a was
included, located close to the S3b site of 2011, which corresponds to the immediate
outflow of the wetland. This site represents better the immediate wetland outflow
characteristics than S13 from 2011, which was located at a considerable distance from
the wetland outflow. The latter was also sampled during the second campaign, but
named S13b (Figure 3-1b). The same physico-chemical variables of February 2011
were sampled again during March 2012. Biotic sampling included phytoplankton,
zooplankton, macroinvertebrates and fish (Chapter 4). Furthermore, two sites S1 and
S2 (middle wetland) were sampled during the night to explore day/night variability
(S1n and S2n in Figure 3-1b). For a complete list of variables see Appendix C-Table
C3.

Table 3-2 Sampling sites

FIRST CAMPAIGN ~ SECOND CAMPAIGN

LOCATION SITES SITES
Upper wetland S5 S5
S6 S6
St S1(day & night) *
Middle wetland S2 S2 (day & night) *
Low wetland S7 S7 (day & night) *
S3b
S3c
River inflow S3a S3a
S4 S4
S11 S11
Outflow S13 S13a
S13b

*: Samples collected at surface and bottom level. The rest of samples at surface level
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Figure 3-1 Abras de Mantequilla wetland under two different inundation conditions: a) Low
inundation conditions (LIC) during sampling of February 2011 (8.1 km’/810 hectares; b) High
inundation conditions (HIC) during sampling of March 2012 (24.41 km* [ 2441 hectares). Inundation
maps are output of DELFT-FLOW (Chapter 2). Circles with dotted lines represent the four wetland
ZONES/areas that were identified.

3.2.3 Sampling procedure for water body and sediment

Water samples were collected with a Niskin bottle at the water surface (upper layer
of the water column), and then transferred to clean, pre-rinsed and labelled bottles.
The bottles were maintained at 4 °C, until further analysis in the laboratory. The
samples were pre-processed at the end of each sampling day following the standard
procedure for each variable and maintained either refrigerated or frozen, according
to standard procedure. At the end of the monitoring campaign, all the samples were
transported to INP (National Institute of Fisheries in Guayaquil) for the culmination
of the analysis. During the second campaign (March 2012), water samples were also
collected from the bottom of the water column at S1, S2. S7. Sediments were

collected with a Van Veen grab. Water and sediment samples were analyzed
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following Standard Methods (Eaton et al., 2005). Figure 3-2 and Figure 3-3 show the

different components measured and sampled during the fieldwork campaigns.

Figure 3-3 Water quality sampling; upper panel (first campaign), lower panel (second campaign)
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3.2.4 Data analysis of environmental variables

Multivariate techniques were applied to evaluate the environmental data using
PRIMER (V6) statistical software (Clarke and Warwick, 2001). For the water body,
24 physico-chemical variables were evaluated, and for the bottom sediment 14
variables. A complete set of all collected data is provided in Appendix C. The same
variables were analyzed for both inundation conditions to allow comparison.
Environmental matrices were built for each condition and, subsequently, data was
normalized to construct the resemblance matrix. A Principal Component Analysis
(PCA) was performed to determine the main variables of the environmental data.
PCA is a technique that creates an orthogonal basis that expresses the variability
within the dataset. The PCA technique was applied separately for water and
sediment variables for both low (LIC) and high (HIC) inundation conditions. The
environmental data of both conditions was combined into one matrix to evaluate the
patterns of the data in an integrated way, using cluster analysis and
Multidimensional scaling (MDS) (Clarke and Warwick, 2001).

3.3 Sampling results within the water body

3.3.1 Low inundation conditions

During low inundation conditions (LIC), the water temperature was around 25 °C in
the wetland sites, and ranged from 26 to 31°C in the river sites (Table 3-3). Dissolved
oxygen (DO) had a wide variation (1.2 to 5.5 mg/l) within the wetland sites, while
the river values were higher (4.3 to 6 mg/l). Total suspended solids (TSS) ranged
between 13 and 80 mg/l, with higher values in the river sites. DIN (sum of: NO:-N;
NHs-N; NOs-N) fluctuated between 0.02 and 0.52 mg N/ at wetland sites, and
between 0.3 to 0.5 mg N/I at river sites. Nitrate was always the dominant fraction of
the DIN in both wetland and river sites. At wetland sites, N:P ratio molar (inorganic
fractions) ranged from 1 to 13, whereas at river sites increased to 35, and ranged
from 9 to 53. Among wetland sites, upper sites (S5, S6) had higher ratios than middle
and low sites (Appendix C- Table C1). Total nitrogen fluctuated between 0.3 and 0.8
mg/l at wetland sites, and between 0.7 and 0.9 at river sites. Organic nitrogen was
the main constituent of total N. Total phosphorus was between 80-110 pg P/l in the
wetland, and between 60-90 ug P/l at river sites. Silicate ranges were similar for
wetland and river sites, with slightly higher maximum values at river sites.
Sulphides showed similar values for both type of sites (0.1 - 0.2 mg/l). Chlorophyll-
concentrations were higher at wetland sites with maximum values up to 8.3 ug/l.
Secchi depth was also higher at wetland sites (0.6 and 1.4 m). BOD ranged between
0.1 and 2.2 mg/l at the wetland, and from 0.2 to 0.5 mg/1 at the river. COD ranged
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from 17- 69 mg/l at wetland sites, and 17-51 mg/I at river sites (Table 3-3). BOD and
COD variables were included to evaluate the possible organic pollution due to the
remnants of the crops from the dry season. A complete list of sampling sites and

results is contained in Appendix C- Table C1.

Table 3-3 Minimum and maximum values of abiotic variables in the water column (Wetland and
river sites). Low inundation conditions (LIC) Feb 2011.

WETLAND RIVER
VARIABLES UNITS MIN MAX MIN MAX
pH 6.8 7-3 6.7 7-4
Temperature (°C) 25.9 30.7 24.7 25.4
Conductivity  pS/cm 21 34 26 32
Turbidity NTU 3 256 19 158
Hardness mg/CaCOo3/I 9.3 14.0 9.3 12.4
Alkalinity mg/CaCO3/l  30.5 48.7 29.4  36.5
DO mg|l 1.2 5.5 4.3 5.8
BOD mg/l 0.1 2.2 0.2 0.5
coD mg|l 17.1 68.6 17.1 51.4
TSS mg/l 13 23 24 80
TS mg|l 53 88 60 106
NO2_N mg/l 0.003  0.013 0.005 0.008
NO3_N mg|l 0.0002 0.47 0.25 0.46
NH4_N mg|l 0.01 0.04 0.01 0.03
DIN mg|l 0.02 0.52 0.27 0.48
N_Organic mg/l 0.2 0.5 0.4 0.5
N_Total mg|l 0.3 0.8 0.7 0.9
PO4_P pg/l 40 100 20 80
P_Organic pg/l 10 40 10 60
P_Total pg/l 80 110 60 90
N:P
(DIN:PO4) ratio 0.9 13 9.4 53
SiOg4 mg|l 24 38 29 42
SiO4_Si mg|l 7.2 1.5 8.7 12.9
Sulphates mg|l 0.8 4 1.1 10.5
Sulphides mg|l 0.1 0.2 0.1 0.2
ug/!
Chlorophyll_a (mg/m’®) 0.8 8.3 0.3 1.9
Secchidepth m 0.65 1.4 0.2 1

Spatial patterns

A PCA analysis conducted on 24 water variables accounted for 62.6% of the total
variation in water samples ordination during low inundation conditions (LIC)
(Figure 3-4). PC1 contributed 43.1% of the variation and was positively correlated
(+ve) with temperature (0.75), conductivity (0.6), alkalinity (0.9), phosphates (0.7),
total phosphorus (0.8), chlorophyll-a (0.6) and Secchi depth (0.92); and negatively

correlated (-ve) with turbidity, total suspended solids, dissolved oxygen, nitrogen
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(inorganic, organic and total), N:P ratio (-0.95), sulphates (-0.9), sulphides. PC2
contributed 19.5% of the variation and correlated positively (+ve) with COD,
inorganic nitrogen, phosphates, and negatively (-ve) with conductivity, hardness,
organic phosphorus (-0.81), chlorophyll-a and velocity (Table 3-7). A clear division
between river and wetland sites can be observed from Figure 3-4. Water samples
from the upper wetland sites clustered well with the river sites, showing a river-type
character. Sediments showed a different pattern and grouped with wetland sites,

indicating similar characteristics (Figure 3-8).

(LIC)
6 zones
% U
M
oL
4+ ¥R
2L
(o]
6]
o
0 4

s2

|
T
0
PC1

Figure 3-4 Principal component analysis of 24 WATER variables for LOW inundation conditions (LIC). 62.6%
of the variation explained (PC1: 43.1% and PC2 : 19.5%). Sampling sites with symbols indicating the wetland
zones: U: upper, M: middle, L: low and R: river sites. Vectors represent the direction and gradient of the
water variables. Longer vectors described higher correlations with the components (PC1 and PC2).

3.3.2 High inundation conditions

During high inundation conditions (HIC), the water temperature ranged from 27-32
°C in wetland sites, and from 27-29 °C in river sites. Minimum values of 0.7 mg/l of
dissolved oxygen (DO) were recorded at the bottom of the water column in wetland
sites, while at the river sites values ranged from 2.9-6.4 mg/l. Total suspended solids
(TSS) ranged between 10-55 mg/l at wetland sites and were up to 97 mg/l in river
sites. DIN values (the sum of NO>-N; NHs-N; NOs-N) fluctuated between 0.05-0.32
mg N/I at wetland sites, and between 0.21-0.36 mg NJ/I at river sites. As in previous
campaigns, nitrates were the dominant fraction of DIN in both wetland and river

sites (Table 3-4). Total nitrogen fluctuated between 1.4-2.6 mg/I at wetland sites, and
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between 1.1-1.8 at river sites, having organic nitrogen as the main constituent of
total N. Total phosphorus concentrations recorded were between 70-140 ugP/1 at the
wetland and between 60-80 ugP/l at river sites. At wetland sites, average N:P ratio
(inorganic fractions) ranged between 2 and 24, whereas at river sites increased to 28,
and ranged from 12 to 40. Upper sites (S5, S6) had similar ratios than middle (52)
and low (S7) sites (Appendix C- Table C3). Silicate ranges were similar for wetland
and river sites, and similar to the previous campaign. Sulphides showed similar
values for both type of sites during each sampling campaign. Chlorophyll-
concentrations were higher at wetland sites with maximum value of 24 ug/l. Secchi
depth was higher at wetland sites (0.5~1.0 m) whereas river sites had values of 0.2 m.
BOD ranged between 0.10- 3.7 mg/l at the wetland, and between 0.3-1.2 mg/l at the
river. COD ranged between 12-110 mg/l at wetland sites, and 6.7-68.3 mg/1 at river
sites (Table 3-4). A complete list of sampling sites and results is provided in
Appendix C- Table C3.

Table 3-4 Minimum and maximum values of abiotic variables in the water column (Wetland and
river sites). High inundation conditions (HIC) March 2012.

WETLAND RIVER

Variables Units MIN MAX MIN MAX
pH 6.1 7.2 7.2 7.4
Temperature °C 26.7 31.8 27.0 28.9
Conductivity pS/cm 57 73 57 75
Turbidity NTU 9 109 10 106
Hardness mg/CaCO3/I 9.6 14.3 9.6 9.6
Alkalinity mg/CaCO3/I 34.3 44.4 30.3 34.3
DO mg|l 0.7 6.1 2.9 6.4
BOD mg/l 0.2 3.7 0.3 1.2
coD mg/l 1.7 110.0 6.7 68.3
TSS mg|l 10 55 27 97
TS mg/l 40 164 74 166
NO2_N mg|l 0.004  0.009 0.004  0.006
NO3_N mg|l 0.04 0.31 0.20 0.35
NH4_N mg|l 0.002 0.01 0.002  0.005
DIN mg|l 0.05 0.32 0.21 0.36
N_Organic mg/l 1.1 2.5 0.8 1.4
N_Total mg/l 1.4 2.6 1.1 1.8
PO4_P pg/l 30 80 20 40
P_Organic pgll 10 110 30 60
P_Total pgll 70 140 60 80
N:P (DIN:PO4) ratio 2.2 24 12 40
Si04 mg/l 24 42 27 47
SiO4_Si mg/l 7.2 12.8 8.1 14.2
Sulphates mg|l 1.7 2.6 1.2 2.5
Sulphides mg/l 0.4 1.0 0.4 0.8
Chlorophyll_a pg/l 2 24 4 10

Secchi depth m 0.5 1.0 0.2 0.2
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Spatial patterns

The PCA analysis conducted on 24 water variables accounted for 52.3% of the total
variation in the water samples ordination during high inundation conditions (HIC).
Thus, the variation was less than during low inundation conditions. PC1 contributed
38.5% of the variation and was positively correlated with total suspended solids,
turbidity, dissolved oxygen, inorganic nitrogen, N:P ratio, silicates and velocity; and
negatively (-ve) with temperature, Secchi depth, alkalinity, organic nitrogen,
phosphates and sulphates. PC2 contributed 13.8% of the variation, correlating
negatively (-ve) with turbidity, chlorophyll-a, organic and total phosphorus (Table 3-
7). When the analysis was conducted excluding S2 (bottom sample), the variation
increased to 55. 9% (Figure 3-5). PC1 accounted for 43.2% of the variation and was
correlated with the same variables when S2(b) was included in the analysis. A slight
increase in correlation with organic phosphorus was observed. PC2 contributed
12.7% of the variation. However, the correlations with PC2 changed when S2(b) was
included, and a strong negative correlation with organic phosphorus from the first
approach did not occur. This probably occurred because S2(b) was mainly
responsible for this correlation due to the higher concentration of organic
phosphorus in this site. PC2 correlated negatively (-ve) with pH, temperature, BOD,
and chlorophyll-a. During HIC, both water body (Figure 3-5) and bottom sediment
samples (Figure 3-9) from upper wetland sites clustered well with the rest of
wetland sites located at middle and low areas, showing a clear separation from the
Nuevo River inflow sites. This suggests that once the wetland reaches its maximum
inundation capacity, upper wetland sites resemble those in the main body of the

wetland.
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Figure 3-5  Principal component analysis of 24 WATER variables for HIGH inundation conditions (HIC).
55.9% of the variation explained (PC1 : 43.2% and PC2 : 12.7%). Sampling sites with symbols indicating the
wetland zones: U: upper, M: middle, L: low and R: river sites. Vectors represent the direction and gradient
of the water variables. Longer vectors described higher correlations with the components (PC1 and PC2).

3.3.3 Combined analysis

When both sets of samples (LIC and HIC) were combined, the cluster analysis
revealed five significant groups (Figure 3-6) suggesting that a higher number of
samples could increase the significant divisions. The initial split at 8.6 distance
isolated site S2 (bottom sample) from all the other sites (SIMPROF test: 1=0.48,
p=0.1%). A second division at 7.6 divided wetland sites from river sites (SIMPROF
test: m=0.47, p=0.1%). However, the wetland cluster included also two river sites. A
third split at 6.9 divided wetland sites according to the inundation conditions
(SIMPROF test: m=0.31, p=0.4%). The next division at 6.2 separated river sites also
according to the inundation conditions (SIMPROF test: 1=0.84, p=0.1%). The MDS
ordination showed an agreement between both representations, clearly displaying
the same cluster groups (stress: 0.13) (Figure 3-6). ANOSIM confirmed significant
differences for all the tested factors: zones (R=0.5, P=0.001); location (R=0.52,
P=0.001); and inundation conditions (R=0.56, P=0.001). This combined analysis
revealed that for the water column, the factor ‘location” (river or wetland) had more
influence than ‘inundation condition” since it was the initial factor dividing the

samples. Thus, all wetland sites and all river sites clustered together independently
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of the inundation condition. Conversely, for sediment variables, the factor
‘inundation condition” seemed to have more influence in the spatial representation
of the samples. Thus, river and wetland sites of HIC formed one cluster, and river

and wetland sites of LIC formed another two clusters.
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Figure 3-6 Group average cluster analysis (left) and MDS ordination (right) for WATER samples (both
conditions integrated). Based on Euclidean distances resemblance matrices (built from normalized data).
Continuous lines represent the divisions for which SIMPROF test (P< 0.05, p<5% in percentage) confirmed
further subdivision structure to explore. Red dashed lines show the group structure with no evidence from
the SIMPROF test. The x- axis shows sampling sites, symbols described the condition of sampling (LIC or
HIC), and sites location (R: river, W: wetland).
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3.3.4 Measured concentrations and spatial distribution

Measured concentrations of chlorophyll-a, dissolved oxygen, nitrates and
phosphates for the monitoring campaigns (February 2011 and March 2012) are
presented in Figure 3-7, and provide an overall view of the range of concentrations
during the two monitoring campaigns performed for the study area. These variables
are just a part of the complete set of variables measured in the field. The difference of
inundated area is evident between left and right panels. Left panels correspond to
the monitoring campaign developed in February 2011 during low inundation
conditions (LIC), while right panels correspond to the campaign of March 2012
during high inundation conditions (HIC). Overall, the values measured in the AdM
are within the range of concentrations measured in the surrounding river basin
previously (Alvarez, 2007; INP, 1998; INP, 2012; Prado et al., 2012). This provides

confidence in using the measured values for the development of a dynamic model.
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Chlorophyll a

Figure 3-7 Measured concentrations of nitrates, phosphates, dissolved oxygen (mg/l) and chlorophyll-a
(mg/m’=pg/l) at observation points located at the upper, middle and low wetland areas; inflows and
outflow. Left panels: Monitoring campaign February 2011 during low inundation conditions (LIC); Right
panels: Monitoring campaign March 2012 during high inundation conditions (HIC).
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3.4 Sampling results of bottom sediment

3.4.1 Low inundation conditions

The sediment texture differed from wetland to river sites. At wetland sites silt was
found to be the dominant fraction, while at river sites sand was the main fraction.
Ammonium was the main constituent of inorganic nitrogen (DIN) in the sediments.
Total nitrogen and total phosphorus were mainly represented by their organic
fraction. In general, concentrations of total nitrogen were similar for both wetland
and river sites (up to 2.4 mg/kg). Total phosphorus was slightly higher in wetland
sites (up to 0.6 mg/kg). Organic matter and organic carbon were also higher in
wetland sites (Table 3-5).

Table 3-5 Minimum and maximum values of abiotic variables in sediments (Wetland and river
sites, Feb 2011)

WETLAND RIVER

VARIABLES UNITS  MIN MAX MIN  MAX
Sand % 1.2 29.4 26 99.5
Silt % 30.6 49 0.4 49.6
Clay % 21.56 56.4 0.1 24.4
Sulphides mg/kg 1.6 4.4 1.6 4
NO2_N mg/kg 0.001 0.006 0.001 0.003
NO3_N mg/kg 0.002 0.020 0.010 0.010
NH4_N mg/kg 0.18 0.8 0.27  0.41
DIN mg/kg 0.2 0.8 0.3 0.4
N_organic mg/kg 0.3 1.8 1.6 2.1
N_Total mg/kg 11 2.2 1.9 2.4
PO4_P mg/kg 0.01  0.19 0.02 0.08
P_organic mg/kg 0.5 0.37 0.05  0.17
P_Total mg/kg 0.2 0.6 0.1 0.2
Carbonates % 0.5 1.2 0.5 0.6
Organic matter % 14 25 2 14
Organic carbon % 5.6 7.6 0.7 5.8
coD mg/kg 195 417 198 367

Spatial patterns

For low inundation conditions (LIC), the PCA analysis performed on 14 sediment
variables accounted for 72.4% of the total variation in the sediment samples
ordination during LIC (Figure 3-8). PC1 contributed 58% of the variation and was
positively correlated (+ve) with sand (0.85), organic and total nitrogen; and
negatively correlated (-ve) with silt, clay, inorganic nitrogen, phosphorus (inorganic,
organic and total), organic matter and organic carbon. PC2 contributed 14.4% to the
variation, showing moderate (+ve) correlations (r < 0.6) with sulphides, silt, total

nitrogen, organic carbon and COD (Table 3-7).
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Figure 3-8 Principal component analysis of 14 SEDIMENT variables for LOW inundation conditions (LIC).
72.4% of the variation explained (PC1 : 58% and PC2 : 14.4%). Sampling sites with symbols indicating the
wetland zones: U: upper, M: middle, L: low and R: river sites. Vectors represent the direction and gradient
of the water variables. Longer vectors described higher correlations with the components (PC1 and PC2).

3.4.2 High inundation conditions

Sediment texture remained the same as for low inundation conditions. Again,
ammonium was the main constituent of inorganic nitrogen (DIN) in the sediment.
Also, total nitrogen and total phosphorus were mainly represented by their organic
fraction. In general, concentrations of total nitrogen were in the same order of
magnitude for both areas. Total phosphorus was slightly higher in wetland sites (up
to 2.2 mg/kg). Organic matter and organic carbon (percentages) were also higher in

wetland sites with values up to 29% and 9.6 % respectively (Table 3-6).
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Table 3-6 Minimum and maximum values of abiotic variables in sediments (wetland and river
sites, March 2012)

WETLAND RIVER
VARIABLES UNITS MIN  MAX MIN MAX
Sand % 8.3 28.9 32.4 100.0
Silt % 51.7 89.3 0.01 64.3
Clay % 2 20 0.03 12.4
Sulphides mg/kg 0.2 0.6 0.1 0.4
NO2_N mg/kg 0.001 0.010 0.001  0.014
NO3_N mg/kg 0.002 0.013 0.0001 0.008
NH4_N mg/kg 0.23  0.51 0.13 0.28
DIN mg/kg 0.2 0.5 0.1 0.3
N_organic mg/kg 4.5 5.0 3.4 5.0
N_Total mg/kg 5.0 5.4 3.6 5.3
PO4_P mg/kg 0.09  0.14 0.04 0.14
P_organic mg/kg 0.23  2.05 0.01 0.11
P_Total mg/kg 0.3 2.2 0.1 0.2
Carbonates % 0.8 1.8 0.9 1.1
Organic matter % 17 29 4 14
Organic carbon % 5.3 9.5 1.4 5.4
coD mg/kg 267 490 228 298

Spatial patterns

A PCA analysis performed on 14 sediment variables accounted for 64% of the total
variation in the sediment samples ordination during HIC (Figure 3-9). PC1
contributed 42% of the variation, correlating positively with sand and negatively
with silt, clay, all fractions of nitrogen and phosphorus (inorganic, organic and total),
COD, organic matter, organic carbon. Compared with LIC, an inverse relation to
PC1 was observed for nitrogen (organic and total), probably influenced by the
higher concentrations of these components in the wetland sites during HIC. PC2
accounted for 22.3% of the variation, being positively correlated with COD,
carbonates, sulphides and inorganic nitrogen, and negatively with phosphorus
(organic and total) (Table 3-7).
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Figure 3-9 Principal component analysis of 14 SEDIMENT variables for HIGH inundation conditions (HIC).
64% of the variation explained (PC1 : 42% and PC2 : 22.3%). Sampling sites with symbols indicating the
wetland zones: U: upper, M: middle, L: low and R: river sites. Vectors represent the direction and gradient
of the water variables. Longer vectors described higher correlations with the components (PC1 and PC2).

3.4.3 Combined analysis

When both sets of sediment samples (LIC and HIC) were combined, a cluster
analysis revealed four significant groups. The initial split at a distance 7.5 isolated
site 51 (HIC). A second division at 6.1 separated two river sites of LIC (54, S11) from
all the rest. Both splits had (SIMPROF test: m=0.41, p=0.1%). A third split at 5.1
divided the sites according to the inundation conditions (SIMPROF test: m=0.31,
p=0.2%). The last significant split at distance 4.4 divided the HIC sites into two
groups: one containing the river sites and another the wetland sites (SIMPROF test:
1t=0.34, p=0.7%) (Figure 3-10). The MDS ordination confirmed the cluster groups
(stress: 0.1) (Figure 3-10). Although the R ANOSIM was low to moderate, results
were significant for all the tested factors: zones (R=0.3, P=0.006); location (R=0.26,
P=0.009); and inundation conditions (R=0.47, P=0.001). However, pairwise test for
zones, showed a strong correlation between river and middle areas (R=0.64, P=0.04),

indicating there are strong differences between these two zones.
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Figure 3-10 Group average cluster analysis (left) and MDS ordination (right) for SEDIMENT
samples (both conditions integrated). Based on Euclidean distances resemblance matrices (built
from normalized data). Continuous lines represent the divisions for which SIMPROF test (P< 0.05,
p<5% in percentage) confirmed further subdivision structure to explore. Red dashed lines show
the group structure with no evidence from the SIMPROF test. The x- axis shows sampling sites,
symbols described the condition of sampling (LIC or HIC), and sites location (R: river, W:
wetland).
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3.5 Concentrations, gradients and key variables

Overall, the water and sediment concentrations were found to have similar ranges
compared with previous studies in the AdM wetland system and Vinces River Basin
(Alvarez, 2007; INP, 2012; Prado et al., 2012). The AdM concentrations are also in the

range of the ones collected in the surrounding Guayas River Basin (INP, 1998).

Average nitrate concentrations at wetland sites (0.2 mg NOs-N/I) were in the range of
the ones described for unpolluted rivers in the paper by Meybeck (1982) for tropical
waters (0.016-0.24mg NOs-N/I) (Meybeck, 1982), while river inflow concentrations
with values around 300 ug NOs-N/I were over this range. A maximum concentration
up to 470 pg NOs-N/1 was measured at an upper wetland site (S6) during LIC,

probably related to the inflow /run-off characteristics of this site.

Phosphates concentrations at wetland and inflow sites (20-100 pug POs-P/L) were both
over the range described for unpolluted rivers in the tropics (1 to 24 pug POs-P/L)
(Meybeck, 1982), thus indicating no P limitation in this system. High concentrations
of total phosphorus also characterized other tropical systems (Talling, 1992),
probably because chemical weathering of phosphorus seems to be more efficient at
higher temperatures (Lewis, 1996). Furthermore, most of the phosphorus in rivers is
particle bound, and since high precipitation and associated discharges increase
erosion rates, resulting in higher fluxes of phosphorus from the landscape (Howarth
et al., 2006). Such patterns are also observed in the Amazon basin linked to the Andes
sediment weathering (McClain and Naiman, 2008). In the Guayas River Basin, a
positive phosphorus balance was found, suggesting that phosphorus is retained in
the soils (Borbor-Cordova et al., 2006). Furthermore, phosphorus concentrations in
lakes depends of the equilibrium between internal and external loading, physico-

chemical and biological processes in the water column (Jennings et al., 2003)

An extensive study of nutrients budgets of 10 sub-catchments belonging to the
Guayas River Basin determined that N, and P budgets are mainly influenced by
agricultural activities and associated nutrient inputs. However, only a small fraction
of N (14%) and P (38%) inputs are leached to the rivers. Nitrogen river exports in this
basin have been associated to land use and agricultural activities, whereas P appears

to be driven by runoff and erosion process (Borbor-Cordova et al., 2006)

N:P ratios in AdM wetland had a great variation not only among river and wetland
areas, but also within wetland and river areas, during both inundation periods. The
established Redfield N:P ratio relation 16:1 (Redfield, 1934) developed for oceans,

deviates constantly in this study. Inland waters exhibit a high degree of variability in
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stoichiometric ratios than oceans due to the variation in inputs that they receive from

their watershed, and the relatively fast flushing (Sterner, 2009).

Lower N:P molar ratios (inorganic fraction) occurred at wetland sites, probably due
to higher denitrification and phytoplankton uptake at wetland central areas with
higher residences time. Low N:P ratios occur at high P, this suggests that N
limitation increases at higher P concentrations (Downing and McCauley, 1992).
Overall, AdM central areas can be described as nitrogen limited with an average N:P
ratio of 7 for both inundation periods. Nitrogen has been found as the limiting
nutrient in other tropical South-American lentic environments (Lewis, 1986). In
tropical lakes, nitrogen rather than phosphorus limitation appear to occur, hence the
ratio dissolved inorganic nitrogen (DIN) to soluble reactive phosphorus (SRP) is

usually lower than in temperate waters (Lewis, 1996).

During LIC, N:P ratios at upper wetland sites were higher than the ones of middle
and low wetland areas, whereas, during HIC they were similar suggesting a system
homogenization during HIC. River inflow indicated phosphorus limitation with N:P
ratios >16, average around 30, and maximum up to 53, thus differing from the low
ratios occurring at disturbed catchments (Downing and McCauley, 1992; Saunders
and Kalff, 2001).

An increase of total nitrogen during HIC was evident, and is attributed to the
increase in the organic fraction, since inorganic fractions remained similar during
both inundation periods. These higher organic fractions are probably related to an
increase of N in the living fraction (phytoplankton) and non-living one (detritus),

when the wetland is at its maximum inundation capacity.

Silicates concentrations were uniform for both wetland and inflow sites. Silicates
uniformity is characteristic of river waters and change in discharge rates apparently
not affects concentrations (Wetzel, 2001c). Concentrations of silicates were from 7 to
14 mgSiOs-5/1 for both periods, and no difference was observed between wetland
sites and river inflow. Diel variation was minor, since night concentrations increased
only 1-2 mg/l compared to day ones. Therefore, AdM waters have no limitation for
this nutrient and has concentrations in the range of the world average for drainage
natural waters (13 gSiOs-S/1) (Wetzel, 2001c). Constant availability of silicates allowed
the proliferation of those specific diatoms species with high silicates requirements as
Melosira granulata (Kilham, 1971) (Chapter 4).
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Chlorophyll-a concentrations were from 1 to 24 ug/l during both periods, indicating
high inflow dynamics, and possible seasonal effects related to run off. Higher
concentrations were evident during HIC in wetland sites (up to 24 pg/l). During LIC,
river inflow sites and upper wetland sites had similar concentrations (up to 2 pg/l).
On the other hand, during HIC, upper sites concentrations increased up to 6 mg/l,
being similar to the ones of middle wetland areas, suggesting a stabilization of upper
areas once the wetland is at its maximum inundation capacity. Overall, average
concentrations in wetland area were from 4 to 9 g/l for LIC and HIC, respectively,
and in the river inflow sites from 1 to 6 pg/l for LIC and HIC, respectively. Based on
overall average concentrations, AdM wetland river-wetland system could be
described as a mesotrophic system (Huszar et al., 2006; Wetzel, 2001d). This trophic
status is also described with the nutrient and total organic carbon concentrations
measured in the system. However, due to the dynamics of the system, a fixed trophic

status should be considered with caution.

Suspended solids concentrations had similar ranges for the river inflow during both
inundation periods (24-97 mg/l). Wetland concentrations were from 13-55 mg/l, and
this maximum was recorded during HIC only in a low wetland site (55 mg/l),

indicating higher intrusion of the Nuevo River towards the wetland main area.

PCA analyses on water and sediment variables summarized the environmental
patterns and provided the key variables. The associated variables for the AdM
wetland-river system were the ones that had higher correlations (>0.7) with the PC
components. For the water column: temperature, total suspended solids, DO, secchi,
alkalinity, nitrogen and phosphorus (organic and inorganic), N:P ratio, were key
variables during both conditions. Furthermore, during HIC, silicates and velocity
were also influencing. For sediments: sand and silt, nitrogen and phosphorus content
(inorganic and organic), organic matter and organic carbon were found to be the

most influencing due to their higher correlations with the PC components.

Environmental gradients were observed inside the AdM wetland-river system,
indicating the wetland is clearly divided between river sites with higher
concentrations of DO, TSS, organic phosphorus, higher N:P ratios and velocities, and
wetland sites with higher concentrations of organic nitrogen, alkalinity, chlorophyll-
a, secchi. Still, overall the water and sediment concentrations in the AdM wetland

system are quite similar.






"The happiness of the bee and the dolphin is to exist.
For man it is to know that and to wonder at it"

Jacques Yves Cousteau

4

COMMUNITY STRUCTURE OF BIOTIC
ASSEMBLAGES
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4.1 Background

Water systems that have not been studied previously can benefit from a initial survey
of environmental and biological data (Field et al, 1982). Patterns, trends or
relationships can be extracted from what can be complex data sets. The number of
species obtained are usually large and the patterns 0f community structure often not
obvious by simple inspection of data (Clarke and Warwick, 2001). The reduction of
this complexity by graphical representation of the relationships between biota in the
different samples is often referred to as ‘representation of communities” (Clarke and
Warwick, 2001). Several approaches have emerged over the last decades to visualize
and analyse the structure of biotic assemblages in exploratory studies. Among them
multivariate analysis and non-parametric techniques help to evaluate biological and

other environmental data.

Previous data on biota in the AdM wetland have been collected separately in specific
studies for macroinvertebrates (Van den Bossche, 2009), and plankton (Prado et al.,
2012). This chapter reports on the first attempt in assess community structure of
different biotic groups, and their relation with environmental data. Biotic
communities of the AdM wetland were sampled during two different inundation
periods of 2011 and 2012. The biotic community structure was evaluated across
zones, including factors such as diel variation and sampling efforts. Main research

questions in this chapter include:

* What are the patterns of the biotic communities sampled during both

inundation periods?

* Do biotic communities show different responses depending on different flow

regimes?

* What is the spatial distribution of the biotic communities along a river-

wetland gradient?

¢ Do the biotic communities structure between the different wetland zones
differed?

* Are there differences in structure of these communities from day to night?
* Do communities from littoral differ from those of pelagic areas?

*  Which species/taxa typified the AdM wetland?
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* Are changes in biotic communities composition between both inundation

periods?
* Are environmental variables associated with the biotic community patterns?

4.2 Field measurement campaigns
4.2.1 Sampling methods and inundation conditions

The AdM wetland was sampled for biota simultaneous with other environmental
variables during the periods described in Chapter 3. While the previous chapter
assessed chemical substances and physical variables, this chapter focuses on biotic
sampling of (i) phytoplankton; (ii) zooplankton; (iii) macro invertebrates; and (iv)
fish (Figure 4-1). During the second field measurement campaign (March 2012)
plankton communities were also sampled with vertical hauls in addition to
horizontal tows. Furthermore, two sites S1 and S2 (middle wetland) were also
sampled during the night to explore day/night variability (Figure 3-1).
Phytoplankton and zooplankton samples were collected with nets of 55 and 200 um
mesh sizes, respectively. Horizontal tows of 5 minutes at a speed 2 knots (1
knot=1.852 km/h) collected phytoplankton and zooplankton. The samples were
preserved in a 4% formalin solution. Phytoplankton was also collected from the
water column with the Niskin Bottle and fixed with lugol's iodine. Macro-
invertebrates were collected with a hand net of mesh size 500 um. In the river
section, sampling was performed along the banks. Inside the wetland, the habitats
sampled comprised mainly floating and emerging vegetation. Each sample was
preserved in 70% alcohol for further analysis in the laboratory. Fish were sampled
with a seine net along the banks of the wetland, where vegetation was present. The
net was placed approximately 2 meters from the shore and then a confinement was
performed, walking towards the shore while making an '"U" with the net. The net had
weights that reached the bottom, so as to prevent the escape of specimens. The
specimens were washed out from the net and the type of vegetation collected within
the net was recorded. The samples were preserved in 4% formalin solution for
further analysis and identification in the laboratory (Figure 4-2). During the
campaign of March 2012 (HIC), the seine net used was smaller (6m?) than the one
used during the campaign of February 2011 (30m?). A conversion of the values of
2011 was performed on the values of 2011, only for the analysis that combined both

campaigns.
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Figure 4-1 Sampling biotic communities

4.2.2 ldentification of biotic communities

Identification of phytoplankton was based on a standard keys and guilds (Bourrelly,
1966; Bourrelly, 1968; Bourrelly, 1970; Desikachary, 1959; Komarek and Anagnostidis,
2005; Parra, 1982; Prescott, 1982). Zooplankton was identified with several keys
(Alonso, 1996; Brues et al., 1954; Edmondson, 1966; Pennak, 1989). Phytoplankton
was fixed in lugol's iodine and quantified with the drip technique (Semina, 1978).
This technique count all cells present in one drop of sample, and the result is
extrapolated to the total volume collected. Zooplankton were counted using sub-
samples of 25 ml in a Dolfus chamber (Boltovskoy, 1981). Macroinvertebrates
samples were analyzed following the procedure recommended by De Pauw and

Vanhooren (1983), consisting of four main steps: sieving, sorting, preservation and
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identification. Each sample was poured and rinsed with water over a tower of
standard sieves with different mesh sizes (2000, 1000, 710 and 500 microns
respectively) in order to separate the organisms by size and remove excess sand and
silt (De Pauw and Vanhooren, 1983). Organic material (leaves, macrophytes) were
carefully rinsed, inspected to remove attached animals and discarded. The content of
each sieve was sorted in a white tray. All specimens were separated as far as
possible, by order and preserved in small bottles with 70% alcohol. Later
identification occurred under the stereomicroscopic was performed. Specimens were
identified to family level with the keys of Roldan (Rolddn, 1996; Roldan, 2003), with
the exception of Anelida and Arachnida that were identified to class and suborder
level, respectively. Fish identification was performed using these taxonomic keys
(Eigenmann and Myers, 1927; Gery, 1977; Laaz et al., 2009; Maldonado-Ocampo et
al.,, 2005)(Figure 4-2).

Figure 4-2 Processing and identification of biotic communities
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4.2.3 Data analysis of biotic communities

The community structure of each biotic assemblage was explored by different
multivariate techniques using PRIMER (V6) statistical software (Clarke and
Warwick, 2001). For all methodologies, each biotic community (phytoplankton,
zooplankton, macroinvertebrates, and fish) was analyzed independently for both low
inundation (LIC 2011) and high inundation conditions (HIC 2012). Biological
matrices for each community were built with abundance data. The matrices were
square root transformed to construct Bray-Curtis similarity matrices for the different
multivariate analyses. This moderate type of transformation was selected in order to
retain all the collected information but at the same time minimize the influence of
dominant species, which is more suitable for initial exploratory studies (Clarke and

Warwick, 2001). Significance level was set at P < 0.05 for all routines.

CLUSTERING and MDS. Hierarchical clustering (group average linking) was
applied to the Bray-Curtis similarity matrix including the SIMPROF (similarity
profile) routine (Clarke et al., 2008) to test if there were significant differences among
clusters. Cluster analysis is recommended to be used in combination with ordination
techniques such as MDS in order to verify the consistency of both representations
(Clarke and Warwick, 2001). Thus, non-metric multidimensional scaling (MDS) was
applied to the resemblance matrix to construct a spatial representation of community
composition similarity among sampling sites. A combined analysis of both
inundation conditions (LIC+HIC) was performed for each biotic assemblages in order
to visualize general spatial patterns. For this purpose, all samples collected during

both monitoring campaigns were pooled together.

ANOSIM. Analysis of similarities (ANOSIM), a non-parametric permutation
procedure applied to the (rank) similarity matrix, was conducted to test hypotheses
about differences in community spatial distribution, sampling technique (horizontal
tows or vertical hauls), pelagic (limnetic) or littoral sampling, and sampling time.
This method uses Bray—Curtis distance as a dissimilarity measure and is suitable
when there is a priori information that can be used to test the null hypothesis (HO) of
mo differences between groups' (Clarke et al., 2008; Clarke and Warwick, 2001).
Thus, a priori divisions or ‘factors” were set up for the data analysis. For spatial
distribution, the wetland-river system was divided into four zones (upper, middle,
low and river inflow). For sampling effort, a priori divisions were horizontal tows
and vertical hauls. Furthermore, vertical hauls also included two a priori sub-
divisions: littoral-vegetated and pelagic (limnetic). For sampling time, the a priori

factors were day and night. Macroinvertebrate and fish communities were sampled
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in littoral areas. For these two groups spatial distribution (zones) and time of
sampling (day and night) were the a priori divisions tested. The aim was to explore if
there were statistically significant differences in community composition regarding
all these a priori selected factors. The criterion ‘spatial distribution” was analyzed for
both conditions: low inundation conditions (LIC) and high inundation conditions
(HIC) while the other criteria (sampling effort, sampling time, pelagic- limnetic or
littoral) were introduced in the second monitoring campaign (HIC). To summarize
the spatial distribution, the criteria ‘location’ (river/wetland) was also tested. Finally,
to test possible differences in the communities between LIC and HIC, the factor

‘condition” was examined.

SIMPER. If differences among a priori defined ‘factors” were shown by ANOSIM, a
following step was to determine which species/taxa were responsible for those
differences. For this purpose, the SIMPER ‘similarity percentages’ routine was
implemented. This technique, frequently used to complement ANOSIM and MDS,
indicates which species are responsible either for an observed clustering pattern or
for differences among sets of samples. More specifically, it determines the percentage
contribution of each taxa to the average similarity ‘within” a group or to the average
dissimilarity ‘between’ a priori defined groups (Clarke and Warwick, 2001).
Similarities within wetland zones were analyzed to determine which taxa of each
biotic assemblage typified each zone of the river-wetland system. In order to
determine possible differences between both inundation conditions (LIC & HIC)
SIMPER results from both campaigns were analyzed separately. The major taxa
contributing to these within/intra areas similarities for each biotic assemblage and for
each condition are detailed in Appendix D-Table D1. The similarities for each biotic
assemblage per zone and for both inundation conditions are presented.

Dissimilarities between the different a priori factors followed the same approach.

BEST and LINKTREE. BEST routines from PRIMER (BVSTEP and BIOENV
algorithms) were applied to investigate which environmental variables best explain
the patterns of the biotic communities. The test operates by permutation and utilizes
only rank dissimilarities by selecting a subset of variables in one matrix
‘environmental” which best matches the multivariate pattern of samples in a different
‘biotic’ matrix. It explains a biotic assemblage structure with a subset of
environmental variables (Clarke and Gorley, 2005). The null hypothesis tested was
that there was no relationship between environmental and the biotic community
patterns of the investigated biotic assemblages phytoplankton, zooplankton,

macroinvertebrates and fish. Each biotic assemblage (phytoplankton, zooplankton,
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macroinvertebrates, and fish) was analysed independently. As a first step, a
resemblance matrix (Bray-Curtis) for each biotic assemblage was created with square
root transformed data. This is the ‘fixed resemblance matrix” that describes the biotic
relationships among samples, and in the context of the BEST analysis is referred to as
the ‘response matrix” (Clarke et al., 2008). Secondly, for each biotic community a
match with the environmental data was performed, since e.g. different water levels
were sampled at different locations (littoral and pelagic). Thus, for each biotic
community a specific environmental matrix explanatory or driver matrix’ was built
with normalized environmental data. Diversity indices of each biotic community
were included in the environmental matrix to explore the relations between each
biotic assemblage and the biotic indices of the other assemblages. These indices were
previously calculated in the DIVERSE routine. Spearman rank correlation (p) was
used to compare both matrices, and high rank correlations between variables in both
matrices were searched. The level to which a particular subset of environmental
variables captures the pattern of the biotic community samples is measured by
correlating the matching entries of the two matrices. Then, the BEST procedure
selects the combination of environmental variables that maximizes (0) and therefore
'best explains' the biotic structure (Clarke et al., 2008). BVSTEP performs a stepwise
search over the tested variables, fitting first the environmental variable with the
strongest relationship, subsequently adding the variable with the next strongest
relationship. BVSTEP searches in a hierarchical way, adding (forward stepping) and
deleting (backward elimination) variables one at a time. On the other hand, BIOENV
tests all possible combinations of variables, from each environmental variable

separately through to all at the same time (Clarke and Warwick, 2001).

Owing to the large number of environmental variables available to explore, BVSTEP
was more suitable to apply in this study, since BIOENV can become prohibitive and
time consuming when there are more than 15 variables. As first step, several runs
with BVSTEP were performed for each biotic community before selecting the best-fit
ones. Subsequently, to confirm the BVSTEP results of those selected runs, BIOENV
was applied to validate the results, and generally, it was found that the same subset
of variables was selected. In order to evaluate the level of significance of the rank
correlation results between the two matrices evaluated, the routine was run with 999
permutations. The subset, which maximizes the value of the Spearman rank
correlation coefficient (), is the one with collective properties that best capture, in
quantitative terms, the subjective a priori habitat distinctions as represented by the
model matrix. The significance of P (< 0.05) was ascertained by 999 random

permutation tests. As a next step, the subset of variables selected by the BVSTEP
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routine was included as explicative variables in the LINKTREE routine. The
procedure is a constrained type of cluster analysis based on the biotic resemblance
matrix that involves a divisive partition of the biotic samples. Each of the divisions is
explained in thresholds of the environmental variables. This routine utilizes the
ranks of the resemblances and calculates the ANOSIM R values between the two
groups formed at each division, which provides a measure of the degree of
separation (R is the difference of the average rank dissimilarities between and within
groups and reaches its maximum at 1 when all dissimilarities between the two
groups exceed any dissimilarity within either group). Orthogonal to that is B (%),
which describes how well separated the two groups of samples are in the current
split, in relation to the maximum separation of the first split. B% is an absolute

measure of group differences at that level.

LINKTREE was run in conjunction with the SIMPROF test (with a criterion of P
<0.05) to provide stopping rules for the tree divisions, and also to be consistent with
the criterion applied for the cluster analysis. This P level is recommended for
exploratory analysis. The SIMPROF test stops unwarranted subdivisions when there
is no significant multivariate structure among the remaining biotic samples, and
samples below that point are considered as homogeneous (Clarke et al., 2008). As a
result, LINKTREE constructs a hierarchical tree that shows how the biotic samples
are successively split into groups according to the environmental variable(s)
maximizing the separation of these samples in a multidimensional space (Bauman et
al., 2013). The LINKTREE routine was run with the same biotic resemblance matrix
previously built (for Cluster, MDS and BVSTEP routines), and the selected subset of
normalized environmental data. Each biotic community was analyzed independently
with their respective subset of environmental variables and under the two
inundation conditions. The RELATE routine was applied after elucidating the
variables selected by BVSTEP to compare the biotic matrix with the environmental
matrix that was applied. A matrix with the variables selected by the BVSTEP routine
was built for both LINKTREE and RELATE routines.
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4.3 Phytoplankton

4.3.1 Sampling with Niskin Bottle

During LIC, 38 species belonging to 22 families and 9 classes were identified in the
wetland and river sites (pooled results) for phytoplankton collected with a Niskin
bottle. Wetland sites contained almost double the number of species collected at river
sites (32 and 17, respectively). Both, river and wetland shared some species.
Phytoplankton densities ranged from 30000 to 860000 cell/l. Lower densities were
observed at river sites and maximum at S7 (Figure 4-3a). Dominance of
Cryptophyceae (Cryptomonas sp.) was observed at S7, with 500000 cell/l (58% of the
total phytoplankton community). Cryptophyceae was present at four sites and
especially abundant at the lower wetland sites S3c and S7. Chlorophyceae and
Euglenophyceae were present at five and four sites, respectively, and also abundant
in the lower wetland. Fragilariophyceae had high relative abundances at river sites
(Figure 4-3b). Pooled wetland samples indicated the dominant species as
Cryptomonas sp. (39%) Ankistrodesmus acicularis (9%), Trachelomonas (7%), Phacus (6%),
Euglena sp (4%). The rest of the species (27) comprised < 4% of the total and
collectively 36%. At river sites, 8 of the 17 species identified comprised 74% of the
total abundance: Synedra sp (29%), Fragilaria sp. (11%), Nitzschia acicularis, Alaucoseria
granulata, Closterium acerosum, Oscillatoria sp, Pseudoanabaena sp, Ulnaria ulna (6%

each). The other 9 species were present in percentages lower than 4%.

During HIC, a total of 57 species belonging to 20 families and 9 classes were
identified in the wetland and river sites. A substantially higher number of species
were found at wetland sites (54), compared with river inflow sites (12). Densities
ranged from 50000 to 370000 cell/l. Lower densities were observed at river sites
(Figure 4-3b). Results from vertical profiles showed that densities at surface level
double those at the bottom level in S1 and S2, and triple at S7 (Figure 4-3c). Diel
variation was observed at the two sites sampled during day and night (51 and S2 at
surface level). Thus, densities at S1 (s_night), were half the day densities S1(s). The
same occurred for S2 (s_night), but at this site densities were three times lower than
day ones S2(s) (Figure 4-3c). Furthermore, a reduction in the number of species
collected at night was observed for both sites, decreasing from 11 species during day
to 6 at night.
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Regarding spatial distribution of the classes during HIC, Cryptophyceae, was
present in all wetland sites except S1 (bottom) and S2 (vegetation). At S7 densities at
surface level were five times higher than at the bottom. Bacillariophyceae and
Coscinodiscophyceae were the second and third groups in importance but their
distribution along the wetland varied. Chlorophyceae showed similar densities at
surface and bottom samples (S1, S7), and at S2 was only present in surface samples.
Coscinodiscophyceae were recorded at similar densities at both depths (S2, S7);
however, at S1 (m) higher densities were found at 3 meters (middle water column)
compared with the surface (s) (Figure 4-3c). The classes Bacillariophyceae,
Chlorophyceae, Coscinodiscophyceae and Fragilariophyceae had generally higher
relative abundances in bottom samples than surface ones. Cryptophyceae and
Euglenophyceae showed the opposite (Figure 4-3d). Thus, although densities of
Bacillariophyceae were similar at surface and bottom samples (Figure 4-3d), this class
showed a higher contribution to the total abundance in middle and bottom samples
when Cryptophyceae was absent (Figure 4-3d). Pooled wetland samples indicated
that dominant species were Cryptomonas sp. (37%); Melosira granulata (11%) and
Cyclotella comta (4%). The rest of the species (51) were present in percentages below

4% contributing together 48%.
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Figure 4-3 Phytoplankton densities (cell/l) (upper panels); and relative abundance (%) (lower panels) represented in taxonomic classes. For LIC (a-b);
for HIC (c-d). Samples collected with Niskin bottle.
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Spatial patterns

For LIC, Cluster and SIMPROF analysis revealed three groups for phytoplankton
sampled with Niskin bottle (19% similarity level; SIMPROF test: = 4.31, p=0.5%). A
similarity threshold of 25% divided the samples in 5 groups. The superimposition of
these two sets of groups on the MDS ordination confirmed the agreement between
both representations (stress: 0.1). A clear division was observed between river sites
(S3b, S4, S11, S9) from wetland sites (S5, S6, S3c, S7) (Figure 4-4). For HIC,
Phytoplankton (collected with Niskin bottle), did not show evidence of significant
splits in community structure (SIMPROF test: p >0.05 for all the subdivisions). The
arbitrary 20% threshold divided the sites into four groups. The 2D ordination
exhibits a wide spread of the samples, where separation between river and wetland
sites is not clear. Only sites located at the lower area (S7, S13a) cluster tightly at 40%
similarity (stress: 0.19) (Figure 4-4). A combined analysis of both inundation
conditions suggested a division between LIC and HIC samples (Figure 4-5).
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Figure 4-4 Group average cluster analysis (left column) and MDS ordinations (right column) for
phytoplankton collected with Niskin bottle during LIC ( low inundation conditions/upper panel) and HIC
(high inundation conditions/lower panel). Based on Bray Curtis similarity matrices (built from square root
transformed abundance data). Continuous lines represent the divisions for which SIMPROF test (P< 0.05,
p<5% in percentage) confirmed further subdivision structure to explore. Dashed lines show the group
structure with no evidence from the SIMPROF test. The x- axis shows sampling sites, symbols represent
wetland areas (U: upper; M: middle; L: low; R: river). The y-axis represents Bray-Curtis similarity (%).
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Figure 4-5 MDS ordination for phytoplankton collected with Niskin bottle. Pooled samples of both sampling
conditions (LIC: low inundation conditions; HIC: high inundation conditions). R: river sites; W: wetland sites.
Based on Bray Curtis similarity matrices.

Similarities/Dissimilarities

During low inundation conditions (LIC), the upper area was characterized by
Cryptomonas, Trachelomonas and Synedra; the middle by Oscillatoria, Synedra and
Cryptomonas; and the river area by Synedra. The lower area had more species for the
intragroup similarity than upper and river areas where only 3 species dominated
(Table D1 - Appendix D). Overall, average similarities were from 13 to 22. During
high inundation conditions (HIC), Cryptomonas was the typical species for the
wetland areas with contributions up to 48%, and Melosira granulata was the main

species in the river area (34%) (Table D1 - Appendix D).

ANOSIM test for the 'river and wetland' factor did not show differences for both
inundation periods, confirmed by the ordinations (Figure 4-4), where river sites were
grouped with wetland sites. When the samples of both inundation periods were
combined (LIC+HIC), minor differences were observed (Global R=0.27, P=0.005). For
the factor 'wetland zones' a low R (R= 0.125, P= 0.048) was obtained (Table D2 -
Appendix D). Cryptomonas was the top discriminator species between river and
wetland areas for LIC, HIC and also for the combined conditions analysis; due to its
higher abundances in the wetland area. During LIC, Synedra sp. was the second
species differentiating the two areas due to its higher abundance in the river, while
for HIC and combined conditions, Melosira granulata distinguished both areas, being

more abundant in the river.
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For combined conditions (LIC+HIC), Synedra sp. confirmed its dominance in the
river (Table D13 - Appendix D). Cryptomonas sp and M. granulata were the
differentiating species of inundation conditions, because of their higher abundances
during HIC. Some species were more abundant during LIC, notably Trachelomonas
sp., Oscillatoria sp., and Pseudanabaena sp., indicating that these species are more
important during the initial periods of wetland inundation (Table D17 - Appendix
D).

4.3.2 Sampling by horizontal tows

During LIC, phytoplankton collected with horizontal tows had lower densities in the
middle and in the lower wetland areas compared with the upper wetland and river
areas. A maximum of 778,440 cell/m?® was observed at S5 (upper wetland), attributed
to the high densities of Fragilaria longissima. Site S1 and the inflow site S3a showed
similar densities (Figure 4-6a). Fragilariophyceae was present at river and wetland
sites with Fragilaria longissima as dominant species, with a major contribution at S5.
Bacillariophyceae were also common, but with no dominance of one species. Higher
densities of Bacillariophyceae were observed at the upper wetland sites. Other
classes were present only in low densities (Figure 4-6b). Considering all wetland
samples of LIC together, four species dominated the community sampled by
horizontal tows: Fragilaria longissima (52%), Gomphonema gracile (9%), Navicula
sp.(9%), Nitzschia palea (7%), comprising together 77%. The other 38 species were
present in percentages lower than 4%, comprising together 23%. At river sites,
Fragilaria longissima was the dominant species (58%), followed by Fragilaria sp (6%),
Gomphonema sp ( 6%), Nitzschia palea (34%), Synedra goulardii (3,4%), comprising
together 77% of the total community at river sites. The other 27 species were present

in percentages lower than 3%, comprising together 23%.

During HIC, results from horizontal tows showed that wetland sites had twice the
number of species collected at river sites (41 compared with 18). Densities were
between 5848 and 239768 cell/m?, thus lower than during LIC. Inflow sites (S3a)
showed similar densities as the upper wetland (56). Lower densities were observed
at S1 and S2. No clear trend was observed for day-night sampling, with lower
densities at night, but higher at S2 (Figure 4-6¢). A higher contribution of
Coscinodiscophyceae (mainly represented by Melosira granulata) in the area of the
wetland outflow (513a) was found. A decreasing gradient of this class was observed
towards the middle wetland area. On the other hand, Fragilariophyceae (represented
by F. longissima) was dominant in the upper wetland area. Bacillariophyceae were

present in all sites but with lower contribution (Figure 4-6d). Considering all wetland
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samples of HIC together, two species dominated the samples: M. granulata (57%),
and F. longissima (17%). The other 39 species were present in percentages below 2%,
comprising together 26%. At river sites, from the 18 species identified, main species
were M. granulata (27%), F. longissima (24%), Fragilaria capucina, Fragilaria sp, Frustulia
saxonica, Synedra sp (6% each). The other 12 species were present in percentages lower
than 3%, comprising together (29%).
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Figure 4-6 Phytoplankton densities (cell/m®) (upper panels); and relative abundance (%)(lower panels)
represented in taxonomic classes. For LIC (a -b); for HIC (c-d). Samples collected with horizontal tows.
Same scales (a, c) to allow comparison.
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Spatial patterns

During LIC, phytoplankton collected with horizontal tows clustered in two major
groups at 10% similarity level (SIMPROF test: 7= 4.48, p=0.1%). The low wetland
sites (57 and S3c) were highly similar (55% similarity) and were segregated from the
rest of the sites at 28% similarity. However, subgroups formed above 28 % similarity
were not significant according to SIMPROF test (P > 0.05) (Figure 4-7). During HIC,
the SIMPROF test applied to the cluster analysis did not indicate significant evidence
of group substructure (Figure 4-7). A combined analysis exhibited a distribution
according to the inundation condition since samples of LIC were observed at the

upper part of the 2D ordination, and samples of HIC at the lower part (Figure 4-8).
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Figure 4-7 Group average cluster analysis (left column) and MDS ordinations (right column) for

phytoplankton collected with horizontal tows during LIC ( low inundation conditions/upper panel) and HIC
(high inundation conditions/lower panel). Based on Bray Curtis similarity matrices (built from square root
transformed abundance data). Continuous lines represent the divisions for which SIMPROF test (P< 0.05,
p<5% in percentage) confirmed further subdivision structure to explore. Dashed lines show the group
structure with no evidence from the SIMPROF test. The x- axis shows sampling sites, symbols represent
wetland areas (U: upper; M: middle; L: low; R: river). The y-axis represents Bray-Curtis similarity (%).
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Figure 4-8 MDS ordination for Phytoplankton (collected with horizontal tows). Pooled samples of both
sampling conditions (LIC: low inundation conditions; HIC: high inundation conditions). a) R: river sites; W:
wetland sites. b) ZONES (U: upper; M: middle; L: low; R: river). Based on Bray Curtis similarity matrices (built
from square root transformed abundance data)

Community similarities/dissimilarities

Fragilaria longissima was the typical species in the upper wetland and river areas
during both LIC and HIC, due to its high contribution to the intragroup similarity
and high SIM/SD ratios (Table D6 - Appendix D). The lower area was characterized
by Microcystis and M. granulata during LIC, while during HIC, the middle and lower
areas were typified by M. granulata (with over 50% contributing to the average
similarities in both areas). During HIC, the average similarity within groups was
lower (33%) than during LIC (45%). Fewer species contributed to the area similarity
in the upper wetland and river areas in HIC compared with LIC (Table D1 -
Appendix D), likely due to the higher flow conditions in HIC. The testing for
differences in structure among different factors found that for the factors river and
wetland' no differences of structure were evident during both conditions (Figure 4-7)
and river sites grouped with wetland sites. For the factor 'wetland zones' during both
LIC and HIC, phytoplankton (horizontal tows) showed a separation among zones
(R=0.70, P=0.002) and (R=0.49, P= 0.028), respectively (Table D2 - Appendix D)
(Figure 4-7). Combined analysis of both inundation conditions also indicated that
some differences occurred for the 'wetland zones' factor (R= 0.32, P=0.003) with
significant pairwise differences (Table D2 - Appendix D) as displayed in Figure 4-8.
The factor 'inundation condition' exhibited relatively low values (R=0.24, P=0.005),
although a separation is displayed in Figure 4-8.
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4.3.3 Sampling by vertical hauls

Vertical hauls had noticeably higher densities of phytoplankton per m?® than
horizontal tows (Figure 4-9a). Higher densities were collected at the littoral zones
with more vegetation than in open water (pelagic), with the exception of S5 (upper
wetland). A maximum density of 4964 x10° cell/m?® at S1 was observed during the
night (Figure 4-9a), probably due to a low grazing activity (Figure 4-16a). On the
other hand, at S2 a very low density of phytoplankton was observed at night (Figure
4-9a). Diel variation was observed at S1, where night samples for both pelagic and
vegetated sites showed higher densities than day samples. However, at S2 the
opposite occurred, with higher densities in vegetation during day time (Figure 4-9a),
thus not consistent pattern was observed. Possible causes could be related to growth

rates, grazing effect or just and effect of spatial variation.
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Figure 4-9 Phytoplankton densities (cell/m?) (a), and relative abundance(%) (b). Represented in taxonomic
classes. Samples collected with vertical hauls.
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tows and vertical hauls. Both during HIC (Pooled results of wetland sites).

Spatial patterns

The spatial patterns obtained from phytoplankton collected with vertical hauls
exhibit two significant groups (SIMPROF: n=1.83, p=3.1%) that isolate Site 2
(collected at night in vegetation) from the rest of sites. However, this splitting
occurred at a low similarity level (less than 10%). A 20% similarity threshold divided
the samples into six groups that are also clearly display in the 2D ordination (stress
0.12), with the central group conformed mainly by the samples collected in
vegetation (Figure 4-11). A combined analysis of horizontal and vertical samples did
not show a separation according to inundation (Figure 4-12a), but led to separation

on the basis of littoral compared with pelagic-limnetic (Figure 4-12b).
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Figure 4-11  Group average cluster analysis (left column) and MDS ordinations (right column) for

phytoplankton collected with vertical hauls during HIC (high inundation conditions) Based on Bray Curtis
similarity matrices (built from square root transformed abundance data). Continuous lines represent the
divisions for which SIMPROF test (P< 0.05, p<5% in percentage) confirmed further subdivision structure to
explore. Dashed lines show the group structure with no evidence from the SIMPROF test. The x- axis
shows sampling sites, symbols represent wetland areas (U: upper; M: middle; L: low). The y-axis represents

Bray-Curtis similarity (%).
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Community similarities

Community similarities based on vertical tows of phytoplankton during HIC also
identified F. longissima as the main species for the Upper area, contributing 49% to
the similarity. More species were responsible for the intra group similarity in the
Upper Wetland area compared with the horizontal tows, indicating that vertical
hauls collected more species than horizontal tows in this area. The middle area was
characterized by M. granulata and F. longissima (both contributing 50% each to the
similarity within this area) (Table D1 - Appendix D). The higher contribution of F.
longissima in the middle area could be attributed to the higher sinking that this
species can experience with higher residence times, and therefore can be captured
due to the vertical sampling effort. Lastly, average similarities within the haul groups

were lower than the ones of horizontal tows (Table D6 - Appendix D).

When testing for differences in structure, the factor 'wetland zones' exhibited minor
differences among zones during HIC (R=0.36, P=0.05), (Table D2 - Appendix D). For
the factor 'diel variation' moderate differences in structure between day and night
were observed for vertical hauls (R=0.29, P=0.05), while the rest of the biotic
communities did not show significant differences (Table D2 - Appendix D). The
factor 'littoral/pelagic’ phytoplankton collected during HIC showed a moderate
division between littoral hauls in vegetation and pelagic samples (R= 0.35, P=0.002),
where pelagic samples included both horizontal tows and vertical hauls (HV) (Table
D2 - Appendix D). However, when the analysis compared only vertical hauls
(pelagic and littoral) results were not significantly different. Thus, these results were
apparently more influenced by the difference in densities that occur when horizontal
tows were added in the analysis. For combined conditions (LIC+HIC), only
phytoplankton net (HV) was significant for the 'littoral-pelagic factor' (R= 0.35,
P=0.003) (Table D2 - Appendix D), and illustrated in its ordination (Figure 4-12b).
Dissimilarities between sampling efforts (horizontal tows and vertical hauls) were
analyzed with HIC samples. The 50 % of the dissimilarities was explained by 12
species, with F. longissima, M. granulata, N. recta and Melosira varians as the top ones,
while 40 species explained 90% of the dissimilarities (Table D12 - Appendix D). For
the littoral-pelagic factor the dissimilarity was attributed to the higher abundance
collected with vertical hauls, not to a presence/absence. Only Nitzschia amphibia and
Neidium affine were collected with vertical hauls. N. amphibia was only observed in

the littoral area, possibly indicating an association to vegetation.
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4.4 Zooplankton

4.4.1 Sampling by horizontal tows

During LIC, 53 species belonging to 28 families, 16 orders and 11 classes of
zooplankton were collected in the wetland and river sites using horizontal tows,
however, few species did dominated the samples. Zooplankton densities at wetland
sites ranged between 2884 to 14880 org/m?. River sites showed a decreasing pattern
from the wetland inlet (5340 org/m?®) to 6 org/m? in the outermost site (511) located
closer to the Vinces River. Main groups during this sampling period were Rotifera
and Rhizopoda; Copepoda was important in two sites (S1, S7); Cladocera was
present at all sites but with low densities (Figure 4-13a). During HIC, horizontal tows
at wetland sites during daytime sampling had densities between 19 and 1410 org/m3
(Figure 4-13c). Site S13a had densities at daytime similar to the ones collected at night
in S1 and S2. In these sites, densities increased around three folds compared with day
sampling. Low densities were observed at river sites, similar to the ones in the upper
sites S5 and S6 (Figure 4-13c). Dominant groups during HIC changed with respect to
LIC (Figure 4-13b), with greater dominance of Cladocera and Copepoda , while

Rotifera was frequent but in very low densities (Figure 4-13d).

Spatial patterns

During LIC, the zooplankton collected with horizontal tows showed two significant
groups, that implied the isolation of a single river site (511) from the rest of sites at
17% similarity level (SIMPROF: m=4.48, p=2.1%). As for phytoplankton, five
subgroups were displayed in the MDS ordination when an arbitrary 40% similarity
threshold was set up. Subgroups were also clearly represented in the MDS (stress:
0.08), corresponding to a strong ordination (Figure 4-14). During HIC, the
community was also clustered in two significant groups at 21% similarity (SIMPROF:
ni= 8.04, p= 0.1%). A tight cluster integrated by wetland sites (S1, S2, S7, 513) was
observed at 50% similarity, which is clearly separated from river inflow sites (S3a, S4)
and from the two upper wetland sites (S5, S6). The latter four sites shared similar
hydrodynamic conditions, since both have higher velocities and behave as inflows to
the wetland. An arbitrary threshold of 40% divided the sites into four groups which
is in agreement with the 2D ordination and provides an excellent representation
since the stress value is < 0.05 (Figure 4-14). The combined representation of both
conditions displayed a clear separation with samples of LIC shown in the upper

section of the 2D ordination (Figure 4-15).
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Figure 4-14 Group average cluster analysis (left column) and MDS ordinations (right column) for zooplankton
collected with horizontal tows during LIC ( low inundation conditions/upper panel) and HIC (high inundation
conditions/lower panel). Based on Bray Curtis similarity matrices (built from square root transformed
abundance data). Continuous lines represent the divisions for which SIMPROF test (P< 0.05, p<5% in
percentage) confirmed further subdivision structure to explore. Dashed lines show the group structure with no
evidence from the SIMPROF test. The x- axis shows sampling sites, symbols represent wetland areas (U: upper;
M: middle; L: low; R: river). The y-axis represents Bray-Curtis similarity (%).
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4.4.2 Sampling by vertical hauls

During HIC, vertical hauls provided greater estimated densities (Figure 4-16a) than
horizontal tows (Figure 4-13c). Vertical hauls taken in littoral zones (with vegetation)
had higher densities than in pelagic zones. Diel variation densities at S2 increase twofold
from day (56575 org/m?®) to night (93050 org/m?). Upper sites (S5, S6) had lower densities
compared with the other sites, but also with higher densities in vegetation. A high
density was observed in the lower wetland site S7 (29774 org/m?) despite being a pelagic

sample (Figure 4-16a). Dominant groups for vertical hauls were Cladocera and
Copepoda (Figure 4-16b).
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Figure 4-16 Zooplankton densities (cell/m?) (a), and relative abundance (%) (b). Main groups represented.
Samples collected with vertical hauls. (pel: pelagic; veg: littoral vegetation).
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Spatial patterns

Zooplankton collected with vertical hauls also split into two significant clusters at 18%
similarity (SIMPROF: =424, p=0.1%). A 40% similarity threshold divided the sites into
five subgroups, also clearly observed at the 2D ordination (stress: 0.08). One of the

subgroups includes only samples collected in littoral vegetated areas (veg) (Figure 4-17).
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Figure 4-17 Group average cluster analysis (left column) and MDS ordinations (right column) for zooplankton
collected with vertical hauls during HIC (high inundation conditions) Based on Bray Curtis similarity matrices
(built from square root transformed abundance data). Continuous lines represent the divisions for which
SIMPROF test (P< 0.05, p<5% in percentage) confirmed further subdivision structure to explore. Dashed lines
show the group structure with no evidence from the SIMPROF test. The x- axis shows sampling sites, symbols
represent wetland areas (U: upper; M: middle; L: low). The y-axis represents Bray-Curtis similarity (%).

Community similarities

Vertical hauls of zooplankton during HIC identified C. sphaericus and M. venezolanus as
the main species contributing to the intragroup similarities in the upper area, and

Mesocyclops (copepodite) in the middle area (Table D1 - Appendix D) and (Table D7 -
Appendix D).

When testing for differences in community structure the spatial distribution factor
‘wetland zones” was almost significant for vertical hauls (R=0.36, P=0.05). The factor
‘littoral/pelagic’, showed a moderate division between littoral (vertical hauls in
vegetation) and pelagic samples (R= 0.25, P=0.024), when pelagic samples included both
horizontal tows and vertical hauls. For the factor ‘sampling effort’ during HIC,
zooplankton showed differences in structure between horizontal and vertical samples
(R=0.35, P=0.001) (Table D2 - Appendix D). Thus, sampling effort influences the
structure, but related to difference in abundance, since both sampling efforts collected
the same species. A visual representation of this pattern is depicted in Figure 4-18. This
pattern was also confirmed when samples of both conditions (LIC+HIC) were combined

for the analysis (R=0.34, P=0.001) (Table D2 - Appendix D).
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The division by ‘inundation condition” was observed when vertical haul samples were
combined with horizontal tow samples (R=0.65, P=0.001) (Table D2 - Appendix D), and
depicted in Figure 4-19. Moina micrura discriminated middle and lower from the upper
wetland, due to the higher abundance in the middle area. In the lower area, higher
densities of M. micrura were estimated from vertical hauls compared with horizontal
tows (Table D12 - Appendix D). For 'littoral/pelagic' factor, five species were the main
discriminators between littoral and pelagic areas, contributing 50% to the total
dissimilarity, due to their higher abundance in the littoral area. A total of 22 species
explained 90% of the total dissimilarity. A key discriminator species of the littoral area

was C. sphaericus due to its higher abundance in the littoral and high Diss/SD ratio.

When horizontal and vertical hauls were pooled to account for pelagic samples, the
same five species were the main discriminators between littoral and pelagic areas (Table
D15 - Appendix D). For ‘sampling effort’, 3 species contributed 30% to the total average
dissimilarity between both sampling efforts: M. micrura, Mesocyclops (copepodite) and
M. venezolanus. The dissimilarity was also related to the higher densities collected with
vertical hauls, since all species were present in both sampling efforts. A total of 24

species explained 90% of the dissimilarity (Table D12-Appendix D).
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Figure 4-18 MDS ordination for zooplankton during high inundation conditions (HIC). Symbols (H: horizontal, V:
vertical). Based on Bray Curtis similarity matrices (built from square root transformed abundance data).
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Figure 4-19 MDS ordination for Zooplankton. Pooled samples of both sampling conditions (LIC: low inundation
conditions; HIC: high inundation conditions). R: river sites; W: wetland sites. Horizontal and vertical samples
pooled (HV). LIC sites above the line; HIC sites below the line.

4.5 Macroinvertebrates

During LIC, 51 families belonging to 13 orders were collected at wetland and inflow sites. In
wetland sites Amphipoda, Gastropoda, Diptera, Coleoptera, comprised 74% of the total
community. In river sites, Diptera was the dominant group (40%), followed by Ephemeroptera
(18%) and Coleoptera (17%). Wetland Sites S1 and S5 had higher densities than river sites 54, S9,
S11, S13, that were characterized by higher flow velocities, suspended solids and less aquatic
vegetation (Figure 4-20 a & b). During HIC, 64 families belonging to 20 orders, were collected at
both wetland and inflow sites. Class Insecta dominated the community (78%), with the Orders
Ephemeroptera, Diptera and Coleoptera as most representatives (30, 24 and 12% each). Class
Gastropoda contributed 7% of the total and was mainly represented by the family Planorbidae.
Densities ranged from 65 specimens (inflow site S4b) to 1072 specimens (wetland site S1 during

night sampling) (Figure 4-20 c & d).
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Samples collected at littoral vegetated areas. Same scales (g, c) to allow comparison.
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4.5.1 Spatial patterns

For LIC, a higher number of distinct grouping represented by continuous lines in the
cluster dendrogram were recognized (SIMPROF test: P < 0.05). River sites (59, 511) were
clearly differentiated from the rest of sites. At 40% similarity, four subgroups were clearly
depicted in the 2D ordination (stress: 0.05). The dendrogram showed the higher similarity
(74%) for river sites (S3a, S4), followed by two other pairs of sites (52, 57) (59, S11) both
with similarities around 60% (Figure 4-21). For HIC, the first significant division was at 36%
similarity (SIMPROF: n=5.36, p=0.1%) separating the two river sites (S4a-b) from the rest of
the sites. The following significant splits at around 60% similarity formed four clusters,
confirmed by the 2D ordination (stress: 0.08). Upper wetland sites (51, S5, S6) were grouped
in one cluster and middle and lower sites (S2, S7, S13) in another. Site S1 defined as upper
(a priori), sometimes cluster with middle sites and other times with upper sites (Figure
4-21). Combined analysis of conditions illustrated a division between river and wetland
sites, with river sites distributed at the left side and wetland at the right side of the
ordination (Figure 4-22).
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Figure 4-21 Group average cluster analysis (left column) and MDS ordinations (right column) for macroinvertebrates
during LIC (low inundation conditions/upper panel) and HIC (high inundation conditions/lower panel). Based on
Bray Curtis similarity matrices (built from square root transformed abundance data). Continuous lines represent the
divisions for which SIMPROF test (P< 0.05, p<5% in percentage) confirmed further subdivision structure to explore.
Dashed lines show the group structure with no evidence from the SIMPROF test. The x- axis shows sampling sites,
symbols represent wetland areas (U: upper; M: middle; L: low). The y-axis represents Bray-Curtis similarity (%).
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Figure 4-22 MDS ordination for Macroinvertebrates. Pooled samples of both sampling conditions (LIC: low
inundation conditions; HIC: high inundation conditions). a) R: river sites; W: wetland sites..Based on Bray Curtis
similarity matrices (built from square root transformed abundance data).

4.5.2 Similarities/dissimilarities

During LIC, the main contributors for intragroup similarity were: Planorbidae at the upper
(43%) and middle areas (14%); Hydrophilidae and Noteridae at the lower (15% each); and
Baetidae at the river (54%). Results also indicated that more species play a role in the total
contribution at the middle compared with upper and river areas, where just one taxa was
the main contributor to within group similarity (Table D1 and D8 -Appendix D). During
HIC, Baetidae was the initial contributor to the intragroup similarity at the upper and river
area. Planorbidae was also present in the upper area but with a lower contribution
compared with LIC. Chironomidae increases its contribution at the upper area during HIC.
At middle areas, Planorbidae and Chironomidae had similar contributions during both

inundation conditions (Table D1- Appendix D).

The factor ‘river and wetland’, showed differences during both inundation periods with a
high R ANOSIM during HIC (R=0.75, P=0.009) (Table D3 - Appendix D), evident in the
visual ordinations (Figure 4-21 & Figure 4-22). Baetidae was the leading species
distinguishing both areas, followed by Chironomidae and Planorbidae, all more abundant
in the wetland (Table D16 - Appendix D). During LIC, Planorbidae was the leading species
distinguishing river from wetland areas, and during HIC was among the top three, with

higher abundances in the wetland area.

The factor ‘zones’ revealed significant differences during high inundation conditions (HIC)
(Global R=0.49, P=0.005), with pairwise test showing differences between the upper area
compared with the lower and river areas (Table D3 - Appendix D) (Figure 4-21). Baetidae,

Chironomidae and Lynceidae were the main responsible taxa for the dissimilarity between
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upper and middle areas, although present in both areas, Baetidae had higher abundance in
the upper area, while Chironomidae and Lynceidae in the middle. The contribution of the
species to the average dissimilarity was homogeneous. Lynceidae and Scirtidae
distinguished the lower area from the rest of the areas, due to their higher abundance in the
lower area (Table D10 - Appendix D).

For the ‘inundation condition" an intermediate R was found (R=0.37, P=0.004) (Table D3-
Appendix D), hence a less evident division (Figure 4-22). Baetidae and Chironomidae were
the first discriminating taxa for this factor, although present in both conditions, they had
higher average abundances during HIC. The rest of the taxa contributing up to 50 % of the
dissimilarity were also more abundant during HIC, with the exception of Hyalellidae
(higher abundance in LIC) (Table D19 -Appendix D).

4.6 Fish

The fish assemblage was represented by 22 species belonging to 11 families and 5 orders
during LIC, with a similar number of taxa collected during HIC: 21 species belonging to 10
families and 5 orders. Littoral zones were sampled during both inundation periods, four
sites during LIC: S1, S2, S7 (wetland), and S3a (area of the river inflow), and 16 sites during
HIC. During both periods, the most representative family was Characidae comprising 89%
and 87% of the total abundance for LIC and HIC, respectively. Astyanax festae was the
dominant species for both periods comprising 44 and 39 % of the total number of
specimens collected, for LIC and HIC, respectively. The second dominant species was
Rhoadsia altipinna (28%) during LIC and Landonia latidens (20%) during HIC. Densities
ranged from 395 to 746 CPUE during LIC, with the maximum in the lower wetland site (57)
(Figure 4-23a). Astyanax festae was especially abundant in wetland sites while Rhoadsia
altipinna was in the river inflow site. During HIC, densities ranged from 12 to 329
specimens. The highest density was collected in the middle wetland area (52) during night
sampling. Lower densities were collected in the upper wetland sites S5 and S6, and river
inflow area (Figure 4-23b). During the campaign in March 2012 (HIC), the seine net used
was smaller (6m?) than the one used during February 2011 (30m?) (LIC). Hence, the lower
values of HIC compared with LIC.
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Figure 4-23 Fish densities (org/CPUE) (upper panels); and relative abundance (%)(lower panels).
Represented at Family level. Samples collected at littoral vegetated areas. LIC (a); HIC (b). Families with
abundance below 1% not represented.
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4.6.1 Spatial patterns
The SIMPROF test did not provide evidence of significant clusters of fish

communities during HIC. Six groups were formed when an arbitrary threshold of
50% was applied. The 2D ordination shows that the sites were grouped mainly in
two central clusters (stress: 0.15), one of them including river and upper wetland
sites and the other middle and lower sites (similar to the macroinvertebrate
assemblage) (Figure 4-24). Combined analysis showed a separation between
conditions with HIC samples located at the low part of the representation.
Furthermore, inflows sites appear to group closer to upper wetland sites (S5 and 56)
(Figure 4-25).
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Figure 4-24 Group average cluster analysis (left column) and MDS ordinations (right column) for littoral fish
during HIC (high inundation conditions). Based on Bray Curtis similarity matrices (built from square root
transformed abundance data). Continuous lines represent the divisions for which SIMPROF test (P< 0.05,
p<5% in percentage) confirmed further subdivision structure to explore. Dashed lines show the group
structure with no evidence from the SIMPROF test. The x- axis shows sampling sites, symbols represent
wetland areas (U: upper; M: middle; L: low). The y-axis represents Bray-Curtis similarity (%).

4.6.2 Similarities/dissimilarities

During HIC, Astyanax festae was the major species for upper and middle areas with
contributions of over 30%. Landonia latidens was the second contributor for the
middle area, and Hemibrycon polyodon typified the lower area with a high
contribution of 28% (Table D1- Appendix D), and high Sim/SD ratio (Table D9 -
Appendix D).

For the factor ‘river and wetland” no clear differences were found during HIC
(R=0.25, P= 0.05) (Table D3- Appendix D). During LIC, Rhoadsia altipinna was the top
discriminator due to its high abundance in the river area, followed by A. festae due to

its higher abundance in the wetland. During HIC and combined conditions Astyanax
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festae was the top species followed by Landonia latidens, since both species more

abundant in the wetland area than in the river.

For the factor ‘zones’ significant differences among zones during HIC were found
(R=0.37, P=0.003), substantiated with the spatial representations (Figure 4-24).
Pairwise tests revealed that the middle area differed from all other areas (Table D3 -
Appendix D). During HIC, L. latidens was the main contributor to the dissimilarity
between the middle and the rest of the areas, because of its higher abundance in the
middle (Table D11 - Appendix D). During LIC, A. festae was the main contributor to
the dissimilarity between the upper and middle area. Rhoadsia altipinna typified the
river area, distinguishing it from the rest of the areas. A decreasing gradient in
abundance was observed for Rhoadsia altipinna from the river towards the upper area
(Table D11 - Appendix D).

For the ‘inundation condition” factor, an intermediate value for R was found (R=0.42,
P=0.012) (Table D3 - Appendix D) as depicted in Figure 4-25. Rhoadsia altipinna was
the distinguishing species differentiating both conditions, being 4 times higher
during LIC (Table D20 - Appendix D). A.festae, a common species in the wetland had
lower abundances during HIC; probably attributed to an increase in predation
during the periods of maximum inundation. H. polyodon was only collected during
HIC, while other species with lower contributions to the dissimilarity were only
collected during LIC. Overall, the majority of species were present during both

conditions, with some variation in abundances. (Table D20 - Appendix D).
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Figure 4-25 MDS ordination for littoral Fish. Pooled samples of both sampling conditions (LIC: low
inundation conditions; HIC: high inundation conditions). a) R: river sites; W: wetland sites. Based on Bray
Curtis similarity matrices (built from square root transformed abundance data).
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An overall higher abundance of the species was observed during LIC compared to
HIC (Table D16 a & b - Appendix D). However, this higher abundance was due to
the use of a larger net during HIC (30m?) compared with the one of HIC (6m?). This
was evident with A. festae that during LIC had an average abundance of 17.1
compared to 5.9 during HIC. However, if a division by 5 is made to LIC abundances
(to make both conditions comparable), the resulting average abundance will be 3.4
which is then lower than the one of HIC; indicating that higher abundances of this
species can be caught during HIC conditions (Table D16 - Appendix D).

4.7 Summary of similarities

A summary of biotic community similarities for each wetland zone showed higher
values of similarities during HIC for three communities: phytoplankton bottle,
zooplankton and macroinvertebrates as detailed in column SIM (Ave) in Table D1 -
Appendix D, and Figure 4-26. This finding suggests a possible homogenization of the
habitat conditions when the wetland is at its maximum inundation capacity.
Phytoplankton collected with 60 um net was the only assemblage showing lower
similarities during HIC compared with LIC. Overall, the analysis revealed an
increase in the number of species indicative of intragroup similarity from LIC to HIC
for zooplankton and macroinvertebrates communities. For both phytoplankton
communities, there was no discernible pattern, since some areas showed an increase
and others a decrease in the number of taxa (Table D1 in Appendix D). Figure 4-26
presents an overall range of similarities for each thropic group, showing an
increasing trend from lower to higher trophic groups, and thus suggesting that
higher trophic groups were more similar in their community structure than lower
ones. The explanatory results of this analysis are presented in the Appendix D- Table
D1 and Tables D5 to D9.
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Figure 4-27 Ranges of within area similarities for each biotic assemblage (Range AvSIM) including all
areas/ZONES. From SIMPER results based on abundance data (square root transformed). Black dots
represent the average similarities (SIM Ave). H: horizontal tows; V: vertical hauls. LIC: low inundation
conditions; HIC: high inundation conditions.
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4.8 Summary of dissimilarities

Overall, average dissimilarities between areas were lower during HIC than during
LIC for all biotic groups but fish (Table 4-1 see DISS (Ave)). The analysis revealed
that the number of species responsible for the dissimilarities between areas increase
in number from LIC to HIC, for all biotic groups but fish. For higher trophic groups,
a small number of species explained the dissimilarities (Table 4-1). A decreasing
trend of dissimilarities from lower to higher biotic groups was observed (Figure
4-28), thus, dissimilarities decrease with increasing trophic level.

Table 4-1: SIMPER results for dissimilarities (DISS) between wetland areas defined a priori. Biotic groups
that were significant for the ANOSIM test (factor ZONES) are in bold. H: horizontal tows, V: vertical hauls.

LIC: Low inundation conditions; HIC: high inundation conditions. DISS (Ave) is the average of the
dissimilarities of all areas. DISS (Range): describes the minimum and maximum dissimilarity for all areas.

Sps responsible for
Average dissimilarity

dissimilarity

between (range
wetland areas (C=% contribution

to DISS)

DISS DISS

BIOTIC GROUP U&m U&L M&L U&R M &R L &R (Ave) (Range) C50% C90%
Phyto (bot) LIC 86.5 82.9 90.7 87.6 92.1 82.7 87.1 83-92 5-8 13-23
Phyto (bot) HIC 80.7 75.6 69.6 82.3 82.8 71.7 771 70-83 6-12 18-35
Phyto (H) LIC 82.3 88.5 93.9 65.8 71.2 89.3 81.8 66-94 5-10 10-36
Phyto(H) HIC 92.7 88.2 76.0 75.3 78.5 72.9 80.6 73-93 5-8 21-27
Phyto (V) HIC 87.0 96.3 86.2 89.8 86-96 5-11 16-35
Zoo (H) LIC 78.0 59.4 73.7 68.0 93.6 70.7 73.9 59-94 3-5 10-21
Zoo (H) HIC 61.3 63.2 44.5 72.3 73.0 79.5 65.6 45-79 5-9 23-30
Zoo (V) HIC 74.7 79.2 48.5 67.5 48-79 3-4 15-18
Macro LIC 60.3 65.0 36.7 74.5 65.6 75.0 62.9 37-75 6-9 19-33
Macro HIC 44.5 42.2 39.7 56.0 61.3 59.7 50.5 40-61 9-14 36-43
Fish LIC 22.9 26.5 36.7 56.8 46.9 54.0 40.6 23-57 3-5 12-14
Fish HIC 55.9 53.7 54.2 44.4 62.5 56.6 54.6 44-63 4 10-11
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Figure 4-28 Dissimilarities (Range) for each biotic group during LIC and HIC. H: horizontal tows; V: vertical
hauls. Black dots represent the DISS (Ave) as in Table 4-1.
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4.9 Linking biotic assemblages with environmental variables

Although environmental conditions of a particular system cannot predict which
species will dominate (Huisman et al.,, 2001), they can at least narrow down the
probabilities that a particular ‘functional group’ can be present in a given habitat
condition (Reynolds et al., 2002). The understanding of why certain species are more
prevalent than others under a certain assemblage, provides the basis of making

probabilistic predictions of community structures (Reynolds et al., 2002).

4.9.1 Low inundation conditions

For phytoplankton collected with the Niskin bottle, the complete set of variables
(including water, sediment and biotic indices) could not explain the phytoplankton
community structure, since results were not significant. When inorganic nutrients
were forced (a special function in the software) in the BVSTEP routine, the
contribution of these variables was minimal (o= 0.32). Thus, nutrients alone could not
explain either the structure of this community. When the analysis was performed
only considering water variables, but including also two additional river sites, results
were marginally significant (0=0.55; P=0.07) selecting as main driving variables:
Alkalinity, pH, DO (Table 4-2). This subset was selected as input for the LINKTREE
analysis (Figure 4-29a).

For zooplankton assemblage collected with horizontal tows, the variables selected by
the BVSTEP routine showed organic matter in sediments, followed by the inorganic
fraction of nitrogen in water, diversity of phytoplankton (collected by horizontal
tows) and total nitrogen in water, as possible variables structuring this community.
Although the correlation was high (o= 0.76), results were not significant (P= 0.18)
(Table 4-2). The inclusion of these variables in the LINKTREE routine generated one
significant split (A) that separated river site S11 from all the others on the basis of its
lower phytoplankton diversity and organic matter in sediment but higher total
nitrogen. These three alternative descriptors defined the same split, with a high
R=0.99 displayed on the y-axis scale at B%=99 (Figure 4-29b).

For the macroinvertebrate assemblage, four variables were selected as main drivers:
diversity of phytoplankton (bot), richness of phytoplankton (net), total suspended
solids (TSS), and NH4_N in sediments. Diversity of phytoplankton-bot revealed a
strong relationship, attaining alone a high correlation (o= 0.623), compared to the
overall one (0=0.77; P=0.049) (Table 4-2). When BVSTEP was run only with water and
sediment variables, results were not significant, indicating that abiotic variables

alone could not explain the patterns of the macroinvertebrate community. The
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inclusion of the selected drivers in the LINKTREE routine generated an initial split
(A) that defined phytoplankton diversity as the top variable discriminating the
groupings (Figure 4-29c), split that separated river sites (S9, S11) from all other sites
due to its low diversity (<0.9) with a strong ANOSIM R= 1, displayed at B%=100.
Sites with phyto diversity (> 1.8) continued to a second split (B) determined by the
concentrations of ammonium in sediments that separated the lower site S7 (>0.8
NH4_N mg/kg) from the remaining sites (< 0.75 NH4_N mg/kg). The third split (C)
was determined again by phyto diversity. Sites with phyto diversity < 2.6 were
divided based on the concentration of TSS, which clearly separated river from
wetland sites (split D). With this assemblage, an explicative step-by-step subdivision
was observed (Figure 4-29c).

Table 4-2 BVSTEP AND RELATE ROUTINES. a) BVSTEP routine results: Environmental driving variables for
each biotic assemblage during low inundation conditions (LIC). Resemblance measure based on Euclidean
distances. Driving variables appeared in order of importance (the first variable has the higher weight). b)
RELATE routine tested matching between Biotic matrix (based on Bray Curtis similarity) and Environmental

matrix (built with variables selected by BVSTEP routine and based on Euclidean distances). Both routines (a
& b) based on Spearman Rank correlation method (p); Significance level (P) and 999 permutations.

Biotic Group a) BVSTEP b) RELATE
Driving variables (P P P P
Phytoplankton (bot) Alkalin, pH, DO 0.55 0.07* 0.55 0.001

(all sites only water variables)

Zooplankton(H) Org_mat_sed, N_Inorg, 0.76 0.18* 0.76 0.002
Div_phytonet, N_total

Macroinvertebrates Div_phytobot, Rich_phytonet, 0.77 0.049 0.77 0.001
TSS, NH4_N(sed)

*: Spearman Rank Correlation coefficient (p) no significant when P >0.05, thus, no significant rank
correlation between the selected driving variables and the response biotic matrix. bot: collected with Niskin
bottle, H: horizontal tows. Div: diversity; Rich: richness
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Figure 4-29 Linkage tree analysis (LINKTREE) for: a) Phytoplankton (collected with Niskin bottle); b)
Zooplankton H (horizontal tows) and macroinvertebrates during low inundation conditions (LIC). The
divisive clustering of sampling sites are driven by the explained thresholds of the environmental variables
(with SIMPROF test P< 0.05). R: ANOSIM R statistic provides a measure of the degree of separation
between 2 groups. B%: is the absolute subgroup separation, in relation to the maximum separation of the
first split.

4.9.2 High inundation conditions

When the analysis for phytoplankton collected with Niskin bottle was run with the full
set of environmental variables, results were not significant (0=0.54; P=0.11), and
forcing inorganic nutrients gave a minimal contribution (o= 0.15), on this overall
correlation. Thus, nutrients alone showed no indication of having influence on the
structure of this community. When only water variables were included in the
analysis, results were significant (0=0.53; P=0.04), selecting turbidity, temperature,
TSS, COD, Sulphides and Silicates (Table D4 - Appendix D).

For phytoplankton (vertical hauls), water and sediment variables did not explain the
community pattern, even when nutrient variables were forced in the analysis. When
biotic indices were gradually added to the analysis, results approached marginal
significance (0=0.65; P=0.08), and a subset integrated by abundance of zooplankton
and macroinvertebrates, silt, and depth was selected (Table D4 - Appendix D). The
inclusion of the four variables selected by BVSTEP in the LINKTREE routine
provided with only one significant split (A) defined by zooplankton abundance
(R=0.86; B% =94). Site S2 (sampled at night and in vegetation) separated from all the
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other sites due to its maximum zooplankton abundance (> 93050 org/m?); while
zooplankton densities < 56575 org/ m?® described the rest of sites (Figure Dla -
Appendix D).

For zooplankton collected with horizontal tows, when all variables were selected for
the analysis, resulting potential drivers were total solids, conductivity, organic
nitrogen, sand content and three macroinvertebrates indices (0=0.90; P=0.001). When
the analysis considered only water variables, resulting drivers were total solids, total
nitrogen, pH, and the organic forms of nitrogen and phosphorus (0=0.82; P=0.015)
(Table D4 - Appendix D). In both cases, total solids was the top discriminating
variable that best groups the sites. The LINKTREE was built based on the first set of
selected BVSTEP variables, producing one significant split explained by thresholds of
total solids and macroinvertebrates indices. The sites were separated in two groups
with a high ANOSIM R=0.91. The left group included wetland sites, and the right the
river sites plus two upper wetland sites (probably grouped together also due to the

similar type of inflow pattern) (Figure D1b - Appendix D).

For zooplankton collected with vertical hauls, temperature was the single abiotic
variable that best group the sites (0=0.43) in combination with silicates, water depth,
phosphates, organic nitrogen, richness of phytoplankton (0=0.62; P=0.05) (Table D4 -
Appendix D). The input of these variables in the LINKTREE produced two
significant splits that selected temperature and depth as explicative variables. The
first one (A) separated the upper wetland sites (S5, S6) from the rest of sites based on
their lower temperatures (< 28.3). (R=0.71; B%=89). A second split (B) divided the
rest of the sites based on depth thresholds (<6 and >7m), but with a lower ANOSIM
(R=0.41; B%=56) (Figure D1c -Appendix D).

For the macroinvertebrate community, two different approaches were analyzed: one
including river and wetland sites, and another only wetland sites. In the first
approach, water depth was selected as a key driver (0=0.63); contributing to the
overall optimum attained in conjunction with zooplankton diversity, organic
nitrogen in sediments and water (0=0.8; P=0.02) (Table D4 - Appendix D). The
selection of depth was attributed to the difference in depth values of the river site 54
compared to the rest of the sites. The second approach excluded the river site,
selecting total phosphorus as top environmental driver (0=0.45), and BOD as the
second. Organic nitrogen and zooplankton diversity were selected as in the first
approach, whereas organic nitrogen (in sediments) was replaced by total nitrogen in
sediments (0=0.78; P=0.02) (Table D4 - Appendix D). A first LINKTREE used as input

the variables selected in the first BVSTEP approach, resulting in two significant
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divisions. A first division (A) distinguished river sites (S4a, S4b) from the rest of sites
(all wetland sites) due to their higher depth, zooplankton diversity values but lower
organic nitrogen (R=0.98; B%=99). The second division (B) separated the wetland sites
based on their organic nitrogen content in water (R=0.58; B%=54). Higher
concentrations (> 1.95 mg/l) grouped middle and lower wetland sites, together with
one upper site (Split B-right). Lower organic content described mainly the upper sites
(Split B-left) (Figure D2a - Appendix D). A second LINKTREE with the variables
selected by the second approach (only wetland sites), resulted in one significant split
explained only by the content of organic nitrogen in water and wetland sites were

divided exactly as in split (B) of the first approach.

For the littoral fish community, the full set of environmental variables was tested as a
first step. From this analysis, an intermediate correlation was found (0=0.56), with a
driving subset integrated by zooplankton and macroinvertebrates indices, BOD,
organic matter and temperature in sediments. However, results could not be
confirmed as significant (P=0.07). Since sediment variables appeared as potential
drivers, a second step was to perform the analysis only considering sediment
variables, and results were significant (0=0.46; P=0.03) confirming again the selection
of temperature and organic matter in sediments. A test including only water
variables was also performed, but results were not significant (Table D4 - Appendix
D). Selected variables of the first and second approach were introduced in the
LINKTREE routine separately, but in both cases, the runs resulted in empty trees.
Nevertheless, since fish assemblage has a higher position in the trophic chain, it was
consider important to illustrate the "potential' divisions that this selected subset of
variables produce in grouping this assemblage, thus a LINKTREE without SIMPROF
test was run (D2b -Appendix D). The first split (A) was described by zooplankton
richness, isolating one of the upper wetland sites (S5) from the rest of sites based on
its lower value (<5). Macroinvertebrates indices determined the second split (B),
separating upper and river sites based on their lower values (B-right), compared with
sites located in middle and lower wetland areas (B-left). A third division (C) was
driven by BOD and macroinvertebrate richness; grouping middle sites due to their
higher BOD measures (>3.6) but lower macro richness (<28) (C-left). The rest of the
sites (C-right) were grouped on the basis of lower BOD but higher macroinvertebrate
richness. Split (D) showed four alternative descriptors. with temperature and organic
matter in sediments separating middle wetland sites based on their higher values of
temperature (>25.2) and organic matter ( >28.9%) (D-left), from the lower wetland
sites (D-right) (Figure D2b - Appendix D).
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4.10 Discussions

4.10.1 Spatial patterns

In AdM wetland, the distribution patterns of the biotic communities observed from
the clustering and ordination analysis showed that river and wetland sites usually
clustered separately. However, biotic patterns were not as obvious as those of the
environmental variables (Chapter 3). During LIC, similarity levels that produce these
two main clusters (river, wetland) started generally around 20% for all communities;
with significant splits and low stress values, indicating good separation of the
samples. The more specific factor ‘zones” grouped upper wetland sites with river
inflow sites; although not as clear as observed for the environmental variables during
LIC. During HIC, the separation river-wetland was clear for zooplankton and
macroinvertebrates, both communities with significant splits and low stress values.
Separation was less evident for phytoplankton and fish communities, suggesting an
increase in the homogeneity of the system when the wetland has a larger inundated

area (at least for these two assemblages).

Inspection of pelagic-littoral patterns revealed that the similarities at which initial
splits occurred for planktonic pelagic (limnetic) communities were always lower than
those of littoral communities. Thus, initial clustering divisions for planktonic pelagic
communities were generally between 10 and 20% similarity, while for littoral
communities were between 20 and 40% similarity. This suggests that littoral
communities are more similar than pelagic ones, probably due to their more specific
zonation. On the other hand, pelagic communities are driven by the flow and
therefore experience more mixing. Overall, from all the communities evaluated,
macroinvertebrates had more significant divisions during both inundation
conditions; but particularly during LIC, suggesting stronger zonation associated with
low inundation area. ANOSIM test confirmed some of these ordination patterns and
additionally suggested other differentiations that were not obvious with the
clustering and ordination. During LIC, phytoplankton (horizontal) showed
differences between ‘zones’, and macroinvertebrates between ‘location’
(river/wetland). During HIC, both plankton communities were differentiated for
factors littoral/pelagic, and sampling effort, but with a moderate correlation.
Furthermore, phytoplankton was significant for ‘zones’” and zooplankton for
‘location” (river/wetland). Littoral communities (macroinvertebrates and fish),
showed differences for ‘zones’” with a moderate R. Macroinvertebrates were also

differentiated by ‘location” (river/wetland) with a high correlation.
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The combination of both sets of samples (LIC + HIC) for the ordination analysis
showed that phytoplankton collected with bottle and horizontal tows, zooplankton,
and fish showed a separation between inundation conditions, while
macroinvertebrates separated according to the ‘location’ river/wetland. ANOSIM
also indicated differences when LIC+HIC samples were combined. Phytoplankton
(bottle) and phytoplankton (horizontal) showed moderate and low differences for the
factor ‘condition’, suggesting overlap and thus a relatively constant structure for this
assemblage despite inundation conditions. The other communities showed also
moderate differences for ‘condition’, being more important for zooplankton.
Phytoplankton collected with the Niskin bottle showed differences for the factor
‘location” (river/wetland), probably due to an increase in the number of samples,
since they did not appear when conditions were analyzed separately. Zooplankton
and fish showed low differences and macroinvertebrates moderate ones. Therefore, a
division river/wetland was more evident for some groups. Overall, all the
communities showed overlap. The factor ‘zones” was low for phytoplankton
(horizontal) and fish, and intermediate for macroinvertebrates (all R < 0.4); while
zooplankton did not show differences regarding zonation. Overall, cluster and
ordination techniques were useful to identify general patterns of the biotic
communities, while ANOSIM was useful for those factors that were not visibly with

the previous techniques.

4.10.2 Typical species and ecological traits

Typical species and ecological traits from SIMPER analysis showed that
Cryptophyceae (Cryptomonas), Euglenophyceae (Trachelomonas), Cyanophyceae
(Oscillatoria) and Fragilariophyceae (Synedra) were the main taxa of the
phytoplankton community collected with Niskin bottle during LIC. During HIC,
Cryptomonas was the main species for all AdM wetland areas. At inflow locations,
few species dominated compared with the other wetland areas where a higher
number of species was observed, probably due to the more stable characteristics (e.g.
lower velocities) of these areas. Cryptomonad algae are large nanoplankton
flagellates well adapted to live in a wide-range of habitats, usually small-enriched
lakes, able to grow at low intensities and tolerate wide variations in phosphorus
concentrations (Ilmavirta, 1988; Reynolds, 2006; Reynolds et al., 2002; Wetzel, 2001d).
In temperate areas, higher densities have been reported 2 m below the oxycline
where oxygen levels are low (< 1mg/l), and light was limited, while nitrogen and
phosphorus were highly available (Gervais, 1998; Sandgren, 1988). In AdM,
Cryptomonas was also present at the bottom, but densities at surface level where five

folds higher that in the bottom. The dominance of Cryptomonas in AdM could be
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attributed to the continuous nutrients contribution from the main inflow (Nuevo
River), as in other freshwater systems where an increase of nitrates in circumneutral
pH values have been related to higher cryptophytes biomass (Ilmavirta, 1988; Jones
and Ilmavirta, 1988). Cryptomonad species are known to have a high nutritional
quality and are highly susceptible to grazers (cladocerans, calanoid copepods and
some rotifers) (Reynolds, 1995; Wetzel, 2001d). However, the predation rates on them
are not high enough to diminish their population significantly (Gervais, 1998;
Pedros-Alio et al., 1995). The high wetland hydrodynamics at the lower areas of AdM
is probably limiting this predation efficiency. In addition, the capacity of
Cryptomonas to have high turnover rates (Reynolds, 2006; Wetzel, 2001d) could be
another factor for its dominance in AdM. The presence throughout the wetland of
Trachelomonas during LIC is probably related to the higher organic input into the
system during the initial inundation periods of the wetland, since this species
characterize shallow mesotrophic systems rich in organic matter (Reynolds et al,,
2002; Wetzel, 2001d). Synedra was important at the wetland inflows during LIC. This
genus is typical of shallow, enriched turbid waters, including rivers and are
sensitive to nutrient depletion (Reynolds, 2006), but tolerant to nutrient and organic
pollution (Bellinger and Sigee, 2010). Thus, the presence of Synedra at the wetland
inflow could be associated to the constant flushing that occurs in this area and
promotes the constant input of nutrients. Nitzchia also important in AdM together
with Synedra are small celled and fast growing diatoms, characteristics of shallow,
well-ventilated, enriched and turbid waters including rivers with tolerance to

flushing, but sensitive to nutrient depletion (Reynolds et al., 2002).

For phytoplankton (net, algae community > 60 microns), a pennate diatoms, Fragilaria
longissima was the typical species for the wetland inflows during both conditions,
with higher average abundances during LIC. Although Fragilaria species are
intermediate in maximal reproductive rates (Sommer, 1989). The epipelic community
of several shallow lowland lakes has been found to be dominated by Fragilaria
species (Bellinger and Sigee, 2010). Their prevalence in AdM could be attributed to
their lower vulnerability to grazing compared to smaller taxa, their wide tolerance to
nutrient concentrations, ability to grow fast with high nutrient availability, and
capacity to avoid sinking when in colonies with more than 8 cells (Bellinger and
Sigee, 2010; Padisak et al., 2003; Ptacnik et al., 2008; Salmaso et al., 2003).

Melosira granulata (Aulacoseira granulata) characterized the middle and lower AdM
wetland areas during HIC, while during LIC Melosira and Microcystis typified the

lower area. Microcystis spp is a slow growing, strongly K-selected, biomass-
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conserving S-strategist species characteristic of low latitude eutrophic lakes and
tolerant to high insolation (Reynolds, 2006; Reynolds et al., 2002). However, the
importance of Microcystis spp at the lower wetland area (subject to constant inflows
and dynamics), contrasts with their functional ecology which has been described as
sensitive to flushing (Reynolds et al., 2002). The other dominant species Melosira
granulata is a widely distributed diatom, reported in high and low latitudes. A.
granulata is frequent throughout the year in one of the lakes in Ireland (Salmaso et al.,
2003) and has been described as a characteristic species of nutrient- enriched lakes

with less diverse diatom assemblages (Leira et al., 2009).

Aulacoseira spp has been classified together with Fragilaria spp as a 'P-group' species,
describing the eutrophic epilimnia of freshwater systems. Both species are present in
shallow systems and large mesotrophic lakes at low latitudes, are tolerant to mild
light and sensitive to silica depletion and stratification, thus, they have a strong
dependence to physical mixing, requiring a continuous mixed layer of 2-3 m (Huszar
et al., 2000; Reynolds, 2006; Reynolds et al., 2002). Early studies described M.
granulata as consistently found in water with average silica content of 13 mg/l
(Kilham, 1971), concentrations typical in AdM system. In temperate lakes, both
species have been reported during summer and their growth has been attributed to
the deeper mixing that promotes renewed phases of diatom abundance, given that
silica remains available (Reynolds, 2006; Sommer, 1986). In other tropical systems,
diatoms such as Nitzschia acicularis, also reported at AdM inflows, and other species
of the genus Aulacoseira are abundant during periods of water column mixing in
tropical Lake Victoria (Lung’Ayia et al., 2000). The prevalence of F. longissima and A.
granulata in AAM confirms that this wetland is subject to continuous water mixing
and not silicate-limited. Furthermore, the inter-annual recurrence of algae species in
AdM suggests a high level of inter-annual constancy with environmental conditions
recapitulating somehow each year (Reynolds, 2006). Nevertheless, the ability to
predict the winners of multispecies competition 'dominant species' has not been

possible yet (Huisman et al., 2001).

A shift in zooplankton community was evident between both inundation periods.
Rotifers (Lecane sp. and Platyias quadricornis), and Protozoa (Rhizopods: Arcella sp.
and Difflugia sp.) typified LIC, while macro-zooplankters (cladocerans and copepods)
dominated HIC. The dominance of smaller zooplankters as rotifers and protozoans
during LIC suggests that the larger specimens of macrozooplankton were probably
subject to high predation during the first inundation periods of the wetland,

although there was no independence evidence of higher predation rates, such as fish
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gut analysis, or higher densities of fish. Several studies associate predation and
trophic status to the prevalence of these smaller zooplankters. High relative biomass
of protozoan grazers and small zooplankton over larger zooplankton with high fish
predation has been reported in temperate (Auer et al., 2004) and subtropical lakes
(Havens et al., 2007). Auer et al., (2004) found that protozoans biomass increases
with trophic status, similarly, a shift in dominance from macro to microzooplankton
with increasing trophic state has been found in subtropical lakes. Although total
zooplankton biomass showed a significant relationship with trophic status in these
subtropical lakes, rotifers and nauplii showed the strongest relation to trophic status
(Chlorophyll-a and total phosphorus), whereas cladocerans and copepods a weaker
one (Havens et al., 2007). In contrast, a study of 81 shallow lakes in Europe
determined that although the total zooplankton biomass was positively related to
total phosphorus, not all taxa respond equal: rotifers biomass did not respond to
changes in total phosphorus, while large cladocerans and cyclopoids responded
positively (Gyllstrom et al., 2005). The AdM appears to be a system with higher
productivity at the initial inundation periods (LIC) supporting dominance of
protozoans and rotifers, but as the wet season (HIC) progresses, higher dominance of
macrozooplankters was evident. However, this pattern could not be confirmed by

the N, P and chlorophyll-a concentrations measured during both conditions.

Concentrations of total phosphorus were similar during both conditions but total
nitrogen and chlorophyll-a were slightly higher during HIC. Therefore, monthly and
seasonal sampling may clarify the occurrence or not of this shift in the components of

zooplankton community.

During HIC, Chydorus sphaericus was the dominant species at the three AdM wetland
areas, whilst rotifers and protozoans were rare. C. sphaericus is a small cladoceran
common in temperate lakes, with a faster development than other chydorids,
abundant in littoral areas, able to develop across a range of temperatures, and able to
feed on a variety of food items (de Eyto and Irvine, 2001; de Eyto et al., 2002; Havens,
1991). In the AdM, C. sphaericus was found common in pelagic zones and littoral
vegetated areas, but especially abundant in the littoral areas associated with
macrophytes. The commonness of chydorids assemblages has been associated with
trophic status, predation, and climate. The association of C. sphaericus to
eutrophication related to increasing chlorophyll-a has been found in several studies,
with a shift from diverse chydorids assemblages at littoral areas to monospecific
assemblages of C. sphaericus in the open water (De Eyto et al., 2003). In AdM,

although Chydorus dominated, it was found in association with other species of
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Chydorids (e.g. Leydigia cf leydigii, Alona sp.) as well as other cladocerans, thus
suggesting that high eutrophic conditions are not occurring in AdM yet.

A number of studies determined that high fish predation pressure leads to a shift to
smaller zooplankton species (Auer et al., 2004; Hansson et al.,, 2004; Irvine et al,,
1989). Studies on zooplankton community structure in shallow lakes from different
climate zones associated them to the littoral fish community and the role of aquatic
plants. For instance, subtropical lakes in Uruguay were characterized by small-
bodied zooplankters, and temperate lakes in Denmark by large-bodied ones. This
prevalence of smaller size zooplankton in lower latitudes was most likely a
consequence of the stronger predation that planktivorous fish and invertebrates exert
over zooplankton in subtropical lakes, supporting the hypothesis that higher
predation pressure in warmer lakes is the main factor shaping the composition of
cladocerans communities (Meerhoff et al., 2007a; Meerhoff et al., 2007b; Teixeira-de
Mello et al., 2009). Similarly, in a study of subtropical lakes in Florida, it was also
found that fish predation limited the crustacean zooplankton biomass (Havens et al.,
2009).The stronger predation by fish in the subtropics has been attributed to the
higher fish densities, richness, trophic diversity with predominance of omnivorous
present in warmer lakes, and more frequent reproduction, compared with temperate
ones (Teixeira-de Mello et al., 2009).

The typifying taxa of macroinvertebrates during LIC were Planorbidae,
Hydrophilidae, and Noteridae at the wetland areas, and Baetidae at the river inflow.
During HIC, Baetidae and Chironomidae increased and Planorbidae decreased in the
upper AdM wetland areas, probably due to the higher velocities occurring during
HIC in the upper area. Planorbidae populations have been described as affected by
flooding associated with heavy rainfall, experiencing fluctuations in their
populations due to changes in water flows and water levels (Standley et al., 2012;
Woolhouse, 1992; Woolhouse and Chandiwana, 1990). At middle areas of AdM, the
similar contributions of Planorbidae and Chironomidae during both inundation
conditions suggested more stable conditions in this area despite the inundation
condition. Chironomidae and Baetidae are common and abundant, and found to
dominate tropical systems (Jacobsen, 2008; Kasangaki et al., 2008; Kibichii et al., 2007;
Masese et al., 2009), in a previous research in the AdM (Van den Bossche, 2009); the
Chaguana watershed (Dominguez-Granda et al., 2011); Quevedo-Vinces River
(Alvarez, 2007). Planorbidae, a cosmopolitan snail family present in the tropics
(Jacobsen, 2008).
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During both conditions (LIC and HIC), the macroinvertebrate assemblage of middle
area had a higher number of taxa responsible for the intragroup similarity than the
upper and river areas, reflecting more stable conditions (biotic and abiotic) in this
area; probably related to higher residence times. During HIC, this assemblage also
had a higher number species contributing to the within area similarities compared to
LIC, since during LIC one taxa group alone has more influence in the intragroup
similarity suggesting dominance during low inundation periods (Appendix D -Table
D8).

Littoral fish assemblages of the AdM wetland consist predominantly by small sized
fish from the Characidae family (Alvarez-Mieles et al., 2013). The species of
Characids are mostly small and abundant in rivers and associated habitats
throughout the Neotropical region (Reis et al, 2003). In South America,
Characiformes (tetras and their allies) comprise 1700 species, Siluriformes (1915
species), and Gymnotiformes (212 species) representing the 74% of all fishes in the
continent (Reis et al., 2016). The north-west Pacific basins from Colombia, Ecuador,
and north of Perti have a very high annual rainfall, and their ichthyofauna exhibits a
high degree of endemism (Reis et al., 2016). Characiforms (tetras and related fishes),
were found as the nine top ranked species in overall abundance, reflecting their

prominent representation in the South American ichthyofauna (Winemiller, 1996).

Characids are an important source of food for higher trophic levels (top fish
predators that have a value for local communities) and important seed dispersers in
Neotropical floodplains. Astyanax festae (Boulenger, 1898) was the dominant species
of Characids group in AdM. A. festae is a small (maximum 6.9 cm), omnivorous tetra
known as 'Cachuela’ (Laaz et al.,, 2009). A. festae is common in the Guayas River
basin, and rivers from north-western Ecuador: Chone, Portoviejo, Santiago,
Esmeraldas (Barriga, 1994; Eigenmann, 1922; Glodek, 1978). Astyanax species in
southern Brazil were also described as omnivorous, feeding mainly of vegetal matter
and insects, and also associated with macrophytes that provide autochthonous food
and serve as habitat for organisms preyed by Astyanax spp (Vilella et al., 2002). A
study of feeding behaviour of four species of characids, including one species of
Astyanax spp, evaluated the importance of both autochthonous and allochthonous
sources of food depending on the species. Furthermore, a high overlap in food items
consumed was found, suggesting that competition was not regulating these species
(Moraes et al., 2013).
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Previous studies in the AdM wetland and associated ‘Guayas River basin’ reported
the presence of the Characidae family (Florencio, 1993; INP, 2012; Laaz et al., 2009;
Prado, 2009; Prado et al., 2012). Although, the different areas of the wetland share
similar fish species from the Characidae family, there were species that seem to
typify middle areas where higher residence times occur. The littoral fish assemblage
included both common and endemic species. At the middle and lower wetland areas
endemic species like Phenacobrycon henni, Landonia latidens, Iotabrycon praecox,
Hyphessobrycon ecuadoriensis were collected. Upper and river areas showed similar
abundances of the major taxa which is probably related to the similar hydrodynamics
that both areas share. Other species typified the lower area, which is more influenced

by the river inflow, while other species characterized the river inflow.

4.10.3 Explanatory variables

Results from this study revealed that the phytoplankton community collected with
Niskin bottle was associated with pH and alkalinity during low inundation
conditions (LIC). Both variables are essential factors affecting phytoplankton
dynamics and composition (Ptacnik et al., 2008). During high inundation conditions
(HIC), the community was influenced by another set of variables that include
turbidity, temperature, TSS, COD, sulphides and silicates. The influence of inorganic
nutrients was not evident during both conditions, since nutrients alone could not
explain the structure of this community. For phytoplankton collected with vertical
hauls, water variables alone did not explain either the structure, and a gradual
inclusion of sediment and biotic indices provided a better explanation of the pattern,
including abundances of zooplankton and macroinvertebrates, silt and depth as
potential drivers. The inclusion of biotic indices of higher trophic levels could be

suggesting a top-down control mechanism in this system.

The zooplankton assemblage collected with horizontal tows during LIC revealed as
potential explanatory variables a subset that included organic matter in sediments,
inorganic and total nitrogen in water and phytoplankton diversity collected with
horizontal tows, but was not considered as significant. During HIC, results were
more conclusive and defined total solids as main explanatory variable, with a clear
threshold that separated wetland sites (< 88mg/l) from upper wetland and river sites
(>116 mg/l). During both conditions, total nitrogen was also selected. In the wetland,
the organic fraction is the main constituent of total nitrogen, especially during HIC
that organic nitrogen represented 80% of the total nitrogen, which was homogeneous
along the wetland sites suggesting a stabilization of the system in terms of

productivity during HIC. The association of this community to total nitrogen might
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be suggesting an association with phytoplankton that contains particulate organic
nitrogen. For zooplankton collected with vertical hauls, temperature was the primary
explanatory variable structuring the community followed by depth, which is evident
from the LINKTREE outcome. Inorganic nutrients (silicates, phosphates) also played
a role but to a minor extent. Association with biotic indices (richness of
phytoplankton and fish) was also determined from horizontal tows, with organic

nitrogen integrated into the subset of explicative variables.

Macroinvertebrate community during LIC was best described by diversity of
phytoplankton (bot). The farthest located river sites were clearly separated from the
wetland and closer river sites. Ammonium in sediments and total suspended solids
also played a role in defining the groupings. During HIC, depth was the top
descriptor for this community. Diversity of zooplankton and the organic fractions of
nitrogen in water and sediment also contributed in the separation of the groups. For
the fish community, biotic indices of macroinvertebrates, zooplankton combined
with sediment variables (temperature and organic matter) appeared as potential
drivers in structuring this assemblage, probably due to the relation that

macroinvertebrates have in the processing of organic matter (Tank et al., 2010).



"In nature we never see anything isolated, but everything in connection with something else

which is before it, beside it, under it and over it”

Johann Wolfgang von Goethe
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5.1 Background and scope

The use of ecological models for environmental management started back in the
seventies with the development of river eutrophication models. However, during
that period the knowledge of ecosystems and ecological processes was limited
(Jorgensen et al., 1991). The capabilities of computer-based environmental modelling
using hydroinformatics techniques were outlined by Mynett (2002), Mynett (2003).
Studies in the tropics show considerable variability in these conditions. Thus, there is
still plenty to learn about the functioning of tropical systems, especially regarding
their energy sources, ecological processes and interactions, including the dynamics
and structure of food webs (e.g. consumers supported by them) (Boyero et al., 2009).
Furthermore, tropical rivers and associated floodplains and wetlands are
characterized by hydrographic seasonality that drives their variability in water
depths, velocities, and water chemistry. This seasonality depends mainly on
hydrology alone, instead of hydrology in combination with temperature, as occurs at

temperate latitudes (Lewis, 2008).

Nutrients and energy supplies for primary production development and other
physical and chemical mechanisms vary according to latitude (Lewis, 1987). Many of
these mechanisms have been studied in temperate environments and compared with
warmer latitudes to understand the role of climate, physical-chemical variables and
food web interactions (Gyllstrom et al., 2005; Jeppesen et al., 2005), nutrient reduction
fomenting top-down control (Jeppesen et al., 2007), and climate change impacts on
biotic communities and eutrophication (Jeppesen et al., 2014; Jeppesen et al., 2010;
Moss et al., 2011).

Concentrations of nitrogen, phosphorus and carbon in tropical systems are important
due to their regulatory role in aquatic ecosystems (Lewis, 2008) with nitrogen usually
being recognized as a more limiting factor in the tropics than in temperate systems
(Lewis, 1996). These nutrients sustain the growth of primary producers that in turn
support consumer's populations. Main production sources for higher consumers in
river-floodplain food webs are phytoplankton, periphyton and fine particulate
organic matter derived from algae (Winemiller, 2004), with higher standing crops of
phytoplankton reported in floodplains than in their associated rivers (Davies and
Walker, 2013).

Environmental problems from oxygen balance, eutrophication, pesticides and heavy
metal pollution, habitats of endangered species etc. are often being investigated

through the application of numerical models (Mynett and Chen, 2004). In this
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chapter, the application of the ecological model DELFT-WAQ-ECO (Deltares, 2014)
in Abras de Mantequilla river-wetland system is presented. The model DELFT-
WAQ-ECO has been widely applied in several aquatic environments, from coastal
waters (Blauw et al.,, 2008; Li et al., 2010; Spiteri et al., 2011) to rivers (Chen et al.,
2012), tropical lagoons (Velez, 2006), and reservoirs (Smits, 2007). In this chapter, the
evaluation of key variables of water chemistry, primary production and zooplankton
components is described for different hydrological conditions to describe the natural
variability of this river-wetland system. This chapter aims to answer the following

questions:

* How important is the role of hydrodynamics in defining temporal and spatial
variability of nutrients and primary production?

* What is the relation between the inflows and the different wetland areas?

* To what extent does the inflow variability play a role in defining these
concentrations?

* Do the concentrations follow an inflow pattern?

* Do the concentrations of these variables change when different hydrological

conditions are evaluated?
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5.2 Model set up

5.2.1 Motivation for eco-model implementation

The results of the different sampling campaigns performed during this study provide
an overview at specific times during the wet season. To evaluate the full seasonal
dynamics of this wetland, several sampling campaigns along a complete year would
be needed. Furthermore, each year will have different hydrological conditions that
generate different flow magnitudes and inundation patterns (Chapter 2), thus even
one entire year of sampling cannot provide a complete assessment of the natural
variability of the wetland both in terms of temporal and spatial variability. Here is
when ECO modelling tools become essential to evaluate the long term natural
variability of a system. The model results of the wetland hydrodynamics (Chapter 2)
provided the basis to build the ECO model elaborated in this chapter.

5.2.2 Model description

The ECO model is based on the open source water quality-modelling framework
DELFT3D-WAQ-ECO, a mathematical model for water quality and ecology that
allows the selection of a wide range of substances and processes from a quite
extensive process library. ECO is basically a eutrophication model that simulates
concentrations of nutrients (N, P, Si), organic matter, dissolved oxygen, and quite a
few additional substances, including growth of different groups of algae (Smits,
2007). An input file including: substances, processes, coefficients, is created to define
the system to be modelled including substances, processes and coefficients, grid,
initial conditions, flows, and meteorological forcing (Smits and van Beek, 2013). The
model solves the advection-diffusion-reaction equation on a predefined
computational grid for a wide range of substances. It has two different parts working
together: (i) it solves the equations for advective and diffusive transport of
substances in a water body and (ii) models the water quality kinetics of chemistry,
biology, and physics that determines the behaviour of substances and organisms.
The model does not compute the flow itself, so it need to be connected/coupled to a
hydrodynamic flow model like DELFT3D-FLOW or TELEMAC (Deltares, 2013a;
Deltares, 2013d; Deltares, 2014).

The ECO model for the Abras de Mantequilla (AdM) wetland was built by using the
GUI (graphical user interface) of DELFT3D-WAQ-ECO that produces the input file.
The flow input was derived from the 2D-FLOW model built in Chapter 2 for several
hydrological conditions. Table 5-1 presents the general characteristics of the model-

set up. The simulation period was set up for one year (January-December) for all the
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hydrological conditions. The substance groups refer to the 4 main groups described
in the GUI. Several substances and associated processes are included in these four
groups. The numerical scheme ‘15" (a fully implicit iterative method) was selected to
solve the advection-diffusion equation. The method is an iterative solver: it makes an
estimate of the concentration vector (e.g. the concentration at the previous time step),
and subsequently checks if this estimate is correct or not. This scheme is implicit
(both in vertical and in horizontal direction) which implies that it is computationally
efficient if large time steps are used (one hour in the present study) (Deltares, 2014).
Initial and boundary conditions for the different substances modelled were estimated
both from field measurements and from literature as explained in the following
sections. The observation points correspond to the ones of the hydrodynamic model
(Chapter 2) and are located at upper, middle and low wetland areas, where inflows
and outflows occur. The computational time step was set at one hour, and the output

time series and maps were created on a daily basis.

Table 5-1 AdM ECO Model set up

Setting Value/description
Simulation period One year (for all the hydrological conditions evaluated)
Substance groups*  General. Oxygen-BOD. Eutrophication, Age and fraction
Integration method  Numerical scheme 15: Fully implicit iterative method
Initial conditions Value were estimated from field measurements and literature
Boundary conditions Values were estimated from field measurements and literature
Observation points Same sites as the ones of the hydrodynamic model
(upper, middle, and low wetland areas), inflow and outflow

Time step One hour
Output Time-series: 1 day, Maps: 1 day

*: this is the general division of substances in the GUI interface of DELFT-ECO.

Each of the four divisions include several state variables (explained in the section 5.2.3)

5.2.3 Substances included in AdM eco model

The following substances / state variables were considered for the set up of the AdM
ECO mode: (i) four dissolved inorganic nutrients (nitrates, phosphates, ammonium,
and silicates); (ii) dead organic matter (DETRITUS) including (a) particulate fractions
of organic carbon, nitrogen, phosphorus (POC, PON, POP) and (b) dissolved
fractions (DOC, DON, DOP); (iii) detritus in sediments (N, P); (iv) Phytoplankton
biomass (C, N, P) for four algae groups, and (v) zooplankton biomass as a forcing
function. The initial and boundary conditions for these substances are presented in
Table 5-2. Variables obtained as output are: total nitrogen, total phosphorus, total
organic carbon, total organic nitrogen, total organic phosphorus, total

phytoplankton biomass, chlorophyll-a.
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The phytoplankton biomass of the four algae groups (Diatoms, Green, Blue-green
and Flagellates) was simulated with the BLOOM module which is part of DELFT-
WAQ. BLOOM is a multi-species algae model, based on an optimization technique
that distributes the available resources in terms of nutrients and light among algae
species. The model optimizes the species composition to obtain the maximum
growth rate under the given conditions (Deltares, 2014). Linear programming is used
as an optimization technique to determine the species composition that is best
adapted to prevailing environmental conditions, in which the species compete within
the constraints for available nutrients (N, P, Si), available light (energy), the

maximum growth rate and the maximum mortality rate (Smits and van Beek, 2013).

Major processes in BLOOM include the production and mortality of algae biomass,
the uptake and excretion of the nutrients and the production and consumption of
dissolved oxygen and carbon dioxide. One of the advantages of BLOOM is that it has
been validated for a wide range of both freshwater and marine environments,
resulting in a database with coefficients for 13 algal groups and species for which
calibration is almost not required (Deltares, 2014). Process fluxes in BLOOM are
calculated based on daily averaged meteorological forcing; thus a simulation time

step of 24 hours was set up for phytoplankton processes.

5.2.4 Processes included in AdM eco model

The processes included in the AdM ECO model were selected from the Process
Library and include among others: reaeration, nitrification, denitrification,
decomposition of organic matter (detritus), consumption of electron acceptors, light
extinction, settling and resuspension of particulates, phytoplankton processes
(growth-respiration-mortality-settling), and grazing by zooplankton (Figure 5-1). The
grazing module CONSBL was activated to include “primary consumption” in the
simulations. This module models grazing of phytoplankton and detritus based on

grazer biomass forcing.
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Figure 5-1 Schematic overview of variables and processes included in the ECO model. Note:
Microphytobentos and AIP in sediment (not considered in the AdM ECO model set up). Source:
Adopted from Blauw et al., (2008)

5.2.5 Initial conditions, boundary conditions and observation points

The initial and boundary conditions were determined based on field measurements
of the two monitoring campaigns developed in the wetland during 2011 and 2012 as
described in chapters 3 and 4. The initial conditions for the wetland were determined
based on the field measurements that were developed inside the wetland area at sites
S1, S2, S7, S3c. The values used for the boundary conditions come from the sites
related to the inflows and outflows. For this purpose, field measurements of 54, 511,
S3a were analyzed and used as input value for Nuevo River, the values of S5 and 56
for the Upper Chojampe inflows (El Recuerdo, AdMT1, AAMT2, Abanico T1), and
the values of S13 for the wetland outflow (Figure 5-2). The ranges of these
measurements were analyzed and an average value was selected as a reference input
(Table 5-2). Extra nitrogen loads from agricultural activities in the area were also
estimated (section 5.2.6 and nitrogen loads)were estimated and it was assumed that
the nitrogen load contributes directly to the nitrate load, hence, it is added to the
boundary condition for nitrate. Since there was no information for three of the small
tributaries (AdM T1, AdM T2 and Abanico T1), their boundary conditions were
considered to be the same as the one estimated for El Recuerdo. The observation
points for the AdM ECO model correspond to the ones of the hydrodynamic model
and to the sampling sites of the monitoring campaigns. At these observation points,
output results for all the variables selected can be extracted from .his (time series)

and .map (spatial) output files (Figure 5-2).
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Table 5-2 Initial and Boundary conditions for the AdM ECO-Model

Inflows Outflow
Units Initial Nuevo El AdM AdMm Abanico Nuevo
conditions  River Recuerdo T1 T2 T1 River

Continuity g/m? 1 1 1 1 1 1 1
Water
Temperature  °C 28.2 26 279 279 279 279 265
Dissolved
Oxygen g/m? 3.0 5.6 2.6 2.6 2.6 2.6 3.9
TSS g/m? 20.6 72.7 15.7 15.7 15.7 15.7 25.2
NUTRIENTS
Nitrate gN/ m? 0.1 0.32 0.34 0.34 0.34 0.34 0.34
Ammonium gN/ m? 0.015 0.01 0.02 0.02 0.02 0.02 0.03
Phosphate gP/ m? 0.07 0.02 0.09 0.09 0.09 0.09 0.03
Dissolved
Silica gsi/ m? 10.2 1.5 9.7 9.7 9.7 9.7 10.25
ALGAE
Blue-green g/ m? 0.005 0.003 0.003 0.003 0.003 0.003 0.005
Diatoms g/ m? 0.08 0.06 0.06 0.06 0.06 0.06 0.17
Flagellates gl/m? 0.12 0.01 0.07 0.07 0.07 0.07 0.03
Greens gC/m? 0.033 0.001 0.01 0.01 0.01 0.01 0.03
DETRITUS
POC1 g/ m? 1.72 2.71 1.83 1.83 1.83 1.83 1.58
POC2 g/ m? 1.72 2.71 1.83 1.83 1.83 1.83 1.58
DOC g/ m? 10.3 16.3 1.0 1.0 11.0 1.0 9.5
PON1 gN/ m? 0.18 0.09 0.1 0.1 0.1 0.1 0.15
PON2 gN/ m? 0.18 0.09 0.1 0.1 0.1 0.1 0.15
DON gN/ m? 1.1 0.57 0.64 0.64 0.64 0.64 0.88
POP1 gP/ m? 0.012 0.021 0.002 0.002 0.002 0.002 0.012
POP2 gP/ m? 0.012 0.021 0.002 0.002 0.002 0.002 0.012

DOP gP/ m? 0.006 0.009 0.006 0.006  0.006 0.006 0.005
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Figure 5-2 Abras de Mantequilla wetland grid, boundary conditions (red lines): Upstream AdM
(Nuevo river-main inflow to the wetland), upper Chojampe (EI Recuerdo, AdmT1, AdMT2,
AbanicoT1), downstream AdM (wetland outflow). Observation points (white dots), for both
hydrodynamic and ecological model. The observation points correspond to the sites of the

sampling campaigns 2011 and 2012.
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5.2.6 Estimation of primary producers, primary consumers, detritus and nitrogen loads

Primary producers biomass

Algae biomass in the wetland was one of the state variables of interest to be

modelled to account for primary production. Chlorophyll-a concentrations measured

in the field were available. However, chlorophyll-a cannot be used directly as input
in DELFT3D-WAQ. Instead, the model requires that phytoplankton concentrations

are expressed in terms of gC/m?. Thus, an estimation of carbon concentration in algae

was required first. The following steps were performed for this purpose:

1.

The cell volumes (Um?®) of the different algae species collected during the
monitoring campaigns were identified with different sources (Bellinger and
Sigee, 2010; Jorgensen et al., 1991; Reynolds, 2006; Sicko-Goad et al., 1984;
Snoeijs et al., 2002).

Using these identified volumes, the carbon content per cell (pgC/cell) for each
species was calculated using the equations proposed by Menden-Deuer and
Lessard (2000), who established a relation that differentiates diatoms and non-
diatoms (Menden-Deuer and Lessard, 2000).

The resulting carbon content per cell and per species was related to the total
abundance per species (cell/l) to compute the total carbon concentration for
each species (gC/md) at each sampling site.

Subsequently, these results were classified in to the four algae groups that can
be modelled in DELFTWAQ with the BLOOM module (Bluegreen, diatoms,
flagellates and green algae), and the total carbon concentration for each group
was obtained.

The resulting carbon concentration per group was related to the total carbon
in algae (sum of the carbon concentrations of the four groups), to obtain the
contribution in percentages of each group in relation with the total carbon in
algae.

However, since cell densities could be underestimated, chlorophyll-a was
introduced in the calculation because it is considered a better indicator of
biomass (H. Los, personal comment). The percentage of each algae group
(calculated in step 5), was multiplied by the chlorophyll-a concentration and
then this result divided by the chlorophyll-a-carbon ratios available in the
bloom.spe file of the DELFTWAQ.

This procedure was performed for each sampling site and for both sampling

campaigns.
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8. Finally, carbon concentrations for bluegreen (cyanobacteria), diatoms,

flagellates and green algae were obtained and used as input for the model.

Primary consumers

Grazer biomass is imposed in the ECO model as a forcing condition with the
CONSBL module (Blauw et al., 2008; Deltares, 2013b). The user needs to specify the
biomass development of filter feeders (zooplankton) over the year. Based on this
biomass, the grazing rate on phytoplankton and detritus is simulated by the model.
Whenever the food availability is insufficient to sustain the specified biomass

development, the zooplankton biomass in the model is corrected (Deltares, 2013b)

Field data of zooplankton densities was used to estimate zooplankton biomass. The
transformation from org/m3 to gC/m® was performed using the estimated values
found in literature for the zooplankton species. A temporal function for zooplankton
biomass development over the year was calculated and built based on temporal
densities from a secondary source (Prado et al., 2012). Based on this biomass
function, the grazing rate on phytoplankton and detritus is simulated by the model.
This imposed calculated zooplankton biomass (Zoo function) is adjusted if algae and
detritus are not enough to sustain this imposed biomass (Blauw et al., 2008).
Processes considered in the model are: filtration, assimilation, respiration, mortality
and excretion (Deltares, 2013b).

The mass fluxes caused by grazing are calculated with the following steps:

* Conversion of the biomass forcing function input to the desired units;

* Adjustment (if necessary) of the imposed grazer biomass according growth
and mortality constraints;

* Calculation of the consumption rates for detritus and algae;

* Calculation of the rates of food assimilation and detritus production;

* Correction of the assimilation rates for respiration;

* Adjustment of the grazer biomass;

* Calculation of the detritus production rates according to the food availability
constraints;

* Evaluation of the total conversion rates as additional output parameters; and

* Evaluation of the grazer biomass concentrations as additional output

parameters.
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The consumption rate of the grazers is limited by the filtration rate at low food
availability and by the uptake rate at high food availability. The filtration rate and
the uptake rate are equal at a certain food concentration. The total food availability is
defined as the sum of the concentrations of detritus and phytoplankton groups,

adjusted by a preference factor for each food source (Deltares, 2013b).

Detritus (dead organic matter)

The particulate and dissolved organic fractions of carbon, nitrogen and phosphorus
were state variables to be modelled. Measured concentrations of particulate organic
carbon (POC), total organic nitrogen (TON) and total organic phosphorus (TOP)
were available from the sampling campaigns. The ECO model requires the
concentrations of these fractions in both dissolved and particulate forms. It is known
that the ratio POC:PON is quite constant in river particulate matter (8:1) (Meybeck,
1982; Wetzel, 2001a). Thus, the measured values of these fractions were also

compared with this ratio to check if they were in the same order of magnitude.

The dissolved organic fractions of C, N, P were estimated using ratios and
proportions from the literature. Initially, different sources were investigated to
understand these ratios. Dissolved organic carbon (DOC) was estimated with a ratio
DOC:POC (3:1) (Wetzel, 2001e). Dissolved organic nitrogen (DON) was estimated as
75% of the TON, and the rest 25% as PON (which corresponds to a DON:PON ratio
(3:1) (Wetzel, 2001a). This calculation of DON was also checked with the average
ratio DOC:DON (20:1) (Meybeck, 1982) to confirm that the values were in the same
order of magnitude. Dissolved organic phosphorus (DOP) was estimated following
the DOC:DOP ratio proposed for the Amazon river (Meybeck, 1982). Finally, the
total concentrations of POC, PON, and POP were split in two fractions: the fast
decomposing fraction POC1, PON1, POP1), and the medium slow decomposing
fraction (POC2, PON2, POP2) before used as input for the model.

Nitrogen loads

The area of influence of the wetland has experienced many land use changes during
the last decades. Currently, it is estimated that just 3% of the area is still covered by
forest, which has been mainly replaced by short-term crops such us rice, maize and
beans (Arias-Hidalgo, 2012). Therefore, it was considered necessary to include the
contribution of agriculture activities in the model. An estimation of the nutrient loads
generated by the use of fertilizers was developed. A study about nutrients budgets in
the Guayas River basin was the basis of these calculations (Borbor-Cordova et al.,

2006). Based on a land use map of the area (Arias-Hidalgo, 2012), it was estimated
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that rice and maize account for 27% and 59% of the total area of the Chojampe
subbasin. In the analyzed area of the wetland (built grid), these crops reach 34% and
52% respectively.

The contribution from the Upper Chojampe subbasin is estimated based on the field
measurements, nevertheless the load generated inside the wetland is not included
since it enters the wetland as a non-point source that must be added separately. This
estimation of the nutrient load in the wetland focuses on the nitrogen contributions
and is based on the information from Guayas River Basin (Borbor-Cordova et al.,
2006). The estimation of the nutrients loads considered the fertilizer application rate,
crop yield, moisture content, and nutrient content based on dry weight. The values

considered in the analysis are presented in Table 5-3.

Table 5-3 Nutrients loads estimation for the AdM ECO-Model

CROP  FERTILIZER APPLICATION RATE YIELD MOISTURE ~ NUTRIENT CONTENT IN DRY CROP
(kg/halyr) (kghaly) (%) (glkg)
NITROGEN PHOSPHORUS
Rice 68 4200 0,5 5.5 1.3

Maize 46 3636 0,52 16.7 3.3
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5.3 Model performance and verification

In order to determine the performance of the ECO model, measured values of both
campaigns (2011 and 2012) were compared with the simulation outputs for both
years (Figure 5-3 to Figure 5-6). The simulated period presented in this section was
weekly averaged until March, since both campaigns were performed during the first
trimester of the year. Measured values are displayed in the precise week that were
sampled, thus from February 8th till February 11* for 2011, and from March 5th till
March 8th for 2012.

5.3.1 Dissolved Oxygen and dissolved inorganic nitrogen

The model reproduces adequately the measurements of dissolved inorganic nitrogen
(DIN) and dissolved oxygen, with simulations in the overall range of the measured
concentrations. A better correspondence to the DIN measurements was observed for
2012 (Figure 5-3).
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Figure 5-3 Simulated concentrations (weekly averaged) of dissolved oxygen (DO) and dissolved
inorganic nitrogen (DIN) in g/m’ (equivalent to mg/l). Simulated period: January-March. Range of
measured values correspond to the sampling periods: February 2011 (left) & March 2012 (right).
The boxplot represents the mean, minimum and maximum values, calculated from the values
measured at all wetland sites.
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5.3.2 Nutrients and Chlorophyll-a

Total phosphorus (TotP) is well reproduced by the model, since simulations fall in
the range of the measured values (Figure 5-5). For total nitrogen (TotN), the model
did not reproduce properly the measured values, overestimating in 2011 and
underestimating in 2012 (Figure 5-4). A similar pattern of TotN was observed for
Chlorophyll-a, although in March 2012, the simulations were in between the
minimum and maximums measured in the whole wetland area (Figure 5-6: upper
plot). The spatial representation of chlorophyll-a (2012) is useful to represent the
maximum chlorophyll-a values that could not be represented in the temporal plot

(Figure 5-6: lower plot)
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Figure 5-4 Simulated concentrations (weekly averaged) of Total Nitrogen (TotN) in g/m’
(equivalent to mg/l) (upper plots in bars). Simulated period: January-March. Measured values
correspond to the sampling periods: February 2011 (left) & March 2012 (right). Lower plots: spatial
representation during the sampling days of each year.
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Figure 5-5 Simulated concentrations (weekly averaged) of Total Phosphorus (TotP) in g/m’
(equivalent to mg/l) (upper plots in bars). Simulated period: January-March. Range of measured
values correspond to the sampling periods: February 2011 (left) & March 2012 (right). Lower plots:
spatial representation during the sampling days of each year.
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Figure 5-6 Simulated concentrations (weekly averaged) of Chlorophyll-a in mg/m? (equivalent to
pg/l) (upper plots in bars). Simulated period: January-March. Range of measured values
correspond to the sampling periods: February 2011 (left) & March 2012 (right). Lower plots: spatial
representation during the sampling days of each year.

Overall, the model reproduced quite well inorganic nitrogen, dissolved oxygen and
total phosphorus, but has limitations to reproduce total nitrogen and chlorophyll-a at
specific observation points, probably due to the complexity that involve the fate of
organic components. However, spatial representations are useful to visualize those
maximum values that could not be reproduced in the temporal plots, providing an
overall range of the variables. Despite these limitations, the model can be used as an
indication when applied for different hydrological conditions, since the aim is to

evaluate the overall functioning of the wetland.
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5.4 Scenarios

The temporal and spatial variability of key environmental variables was evaluated
for different hydrological conditions. The assessment for each of the key variables
was performed following a number of steps. As a first step, minimum, maximum
and average concentrations at different wetland zones, inflows and outflow were
obtained for the different hydrological conditions to provide a general overview of
the entire range of variability in concentrations. Secondly, a temporal analysis for
each variable was performed with time series of one-year simulation. The analysis
shows a graphical comparison between the different conditions, using the time series
of each hydrological condition. Thirdly, a spatial representation of concentrations
was obtained. Finally, nutrient partitioning for total nitrogen and phosphorus was
determined, as well as for total organic carbon. Primary production and primary
consumers biomass are also illustrated. Since the wetland is a seasonal system,
monthly averaged time series were used to illustrate the temporal fluctuations of the
different variables. Since the aim was to assess the overall functioning of the wetland
for the wet and dry season and for different scenarios, this can be considered an

appropriate time scale for general management purposes.

5.4.1 Hydrological conditions

The output of DELFT3D-FLOW simulations for different hydrological years and
conditions (Chapter 2) was coupled with DELFT3D-WAQ. The aim is to describe the
patterns of the simulated variables under different magnitudes of inflows. In this
chapter, additional scenarios have been included (Scen dry 30% smooth and
ScenMAXhisto), both smoothed with a polynomial function. This chapter include the
results of all the conditions detailed in Table 5-4.

Table 5-4 Different hydrological conditions and scenarios evaluated

HYDROLOGICAL CONDITIONS DESCRIPTION

1990 (Dry) A typical dry year selected from the period (1962-2010)

1998 (El Nifio) An extreme wet year from the period (1962-2010)

2006 (Ave) An average year from the period (1962-2010)

MAXhisto Scenario built with the MAXIMUM daily discharges (1962-2010)*

MINhisto Scenario built with the MINIMUM daily discharges (1962-2010)*

Scen dry-30%smooth Scenario built based on a dry year, then subtracted a 30% of Nuevo river inflow
(due to Baba dam)

ScenMAXhisto_smooth Scenario built based on the MAXhisto,

and subsequently smoothed with a polynomial function

(*) The values do not belong to a specific year, but to the whole period (1962-2010)
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5.4.2 Temporal and spatial variability of key physico-chemical variables

Temperature and dissolved oxygen

Results from the different simulations showed that there is a narrow range in water
temperature variability, which was observed for all conditions simulated. Overall,
the three-wetland areas showed minimum water temperatures between 26 °C and 28
°C. Nuevo river inflow showed values not higher than 26.5 °C, while El Recuerdo
inflow showed a range similar to the wetland areas. The outflow ranged from 26 to
27 °C (Table 5-5). Inspection of temporal time series results describes the wetland as
having a rather constant temperature throughout the year. On the other hand,
dissolved oxygen concentrations showed a wide range with minima from 2.2 mg/1 to
maxima up to 10 mg/l in the wetland areas. El Recuerdo inflow had similar ranges to
the wetland areas (from 3 to 8.5 mg/), while for Nuevo river inflow the range was
narrower and with higher values (6 to 8.7 mg/l). The outflow showed minimum
values similar to the wetland ones, ranging from 3.1 to 8.7 mg/l. Overall,
concentrations were similar between the different conditions, however inspection of
annual average values suggests lower averages for wettest conditions (1998,
MAXhisto) at wetland areas (Table 5-6).

Table 5-5 Simulated water temperature (°C) at observations points in a) wetland areas: upper,
middle, and low, and b) inflows and outflow, for the different conditions. Results from one-year
simulation.

UPPER MIDDLE Low
a) S1 S2 ABANICOF S7 S3c
MODTEMP MIN  MAX AVE MIN MAX AVE MIN MaXx AVE MIN MAx AVE MIN MAX AVE
1990 (Dry) 26.5 27.9 27.1 26.2 27.7 26.7 26.2 26.9 26.5 26.0 27.2 26.5 26.0 27.226.3
1998 (El Nifio) 26.5 27.9 27.4 26.1 27.7 27.0 26.1 27.2 26.8 26.0 27.2 26.6 26.0 27.226.4
2006 (Ave) 26.5 27.9 27.0 26.2 27.6 26.7 26.2 27.0 26.6 26.0 27.1 26.5 26.0 27.126.3
MAXhisto 26.5 27.9 27.3 26.1 27.6 27.0 26.1 27.2 26.7 26.0 27.2 26.5 26.0 27.226.2
MINhisto 26.5 27.9 27.1 26.5 27.7 26.8 26.4 27.0 26.5 26.1 27.2 26.6 26.0 27.426.5
Scen dry-30% smooth 26.5 27.8 27.1 26.5 27.5 26.8 26.5 26.6 26.5 26.2 27.0 26.6 26.0 26.926.5
ScenMAXhisto_smooth 26.4 27.9 2741 26.3 27.6 26.8 26.4 27.4 26.7 26.0 27.2 26.5 26.0 26.7 26.1
INFLOW INFLOW

b) (NUEVO RIVER) (EL RECUERDO) OUTFLOW

MoDTeEmP MIN Max AVE MIN Max AVE MIN MaAx AVE

1990 (Dry) 26.0 26.1  26.0 26.5 27.9 275 26.0 26.5 26.2

1998 (El Nifio) 26.0 26.0 26.0 26.9 27.9  27.7 26.0 26.6 26.2

2006 (Ave) 26.0 26.0 26.0 26.7 27.9  27.5 26.0 26.5 26.1

MAXhisto 26.0 26.0 26.0 26.7 27.9  27.6 26.0 26.5 26.1

MINhisto 26.0 26.5 26.2 26.5 27.9 27.5 26.1 26.8 26.3

Scen dry-30%sm 26.0 26.5  26.1 27.1 27.9  27.6 26.1 26.6 26.3

ScenMAXhisto smooth 26.0 26.0 26.0 26.5 27.9 27.4 26.0 26.3 26.1
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Table 5-6 Simulated dissolved oxygen concentrations (mg/l) at observations points in (a) wetland
areas: upper, middle, and low, and b) inflows and outflow, for the different conditions. Results
from one-year simulation.

UPPER MIDDLE Low
a) St S2 ABANICOF S7 S3c
DO MIN  MAX AVE MIN MAX AVE MIN MAX AVE MIN MAX AVE MIN MAXx AVE
1990 (Dry) 2.4 10.0 5.9 31 9.6 7.4 4.4 9.2 8.5 3.8 9.6 7.9 3.8 7.8 6.2
1998 (El Nifio) 2.3 9.7 4.5 3.0 9.4 6.0 4.9 9.5 7.4 3.8 9.4 75 4.2 9.4 6.1
2006 (Ave) 2.4 9.9 6.2 3.0 9.3 7.1 5.4 9.2 8.3 3.7 9.2 7.4 3.9 9.3 6.4
MAXhisto 2.3 9.2 4.8 3.0 9.1 5.9 3.6 9.2 7.4 3.3 9.4 6.3 3.5 83 5.9
MINhisto 2.8 10.0 5.9 33 9.5 7.2 6.8 9.3 8.6 4.3 9.4 8.2 4.5 9.7 7.2
Scendry-30%smooth 2.6 10.0 5.6 3.6 9.4 7.0 8.4 9.3 8.7 5.8 9.5 83 5.8 9.8 6.8
ScenMAXhistosmooth 2.2 9.8 5.7 3.0 10.9 7.3 4.3 10.9 8.1 3.9 9.3 7.0 51 7.7 6.0
INFLOW INFLOW

b) (NUEvO RIVER) (EL RECUERDO) OuUTFLOW

DO MIN MAx AvVe MIN  MAX AVE MIN MAx  AVE

1990 (Dry) 63 7.3 7.0 32 83 47 37 74 55

1998 (El Nifio) 6.1 7.2 6.8 3.2 6.1 3.9 3.5 6.5 5.2

2006 (Ave) 6.1 7.3 7.0 3.2 9.3 4.6 3.7 6.6 5.1

MAXhisto 6.1 7.2 6.5 3.0 7.8 4.4 3.1 6.0 5.0

MINhisto 59 8.7 7.5 3.4 8.2 4.7 4.1 8.6 6.4

Scen dry-30%smooth 54 8.3 74 3.3 54 4.2 4.9 8.7 5.8

ScenMAXhisto smooth 6.1 7.1 6.5 2.9 9.1 5.2 4.6 5.6 5.1
Nitrogen

Simulated total-N (TotN) concentrations varied between 0.6 and 1.5 mg/l at wetland
areas, and between 0.7 and 2.3 mg/1 at the main inflows. Lower yearly average values
occurred in middle wetland areas, probably also influenced by the decrease in the
inorganic fraction (DIN) due to higher uptake by phytoplankton in this area. Overall,
simulated concentrations did not vary significantly among the different conditions
(Table 5-7).

Table 5-7 Minimum, maximum and average simulated concentrations of total nitrogen (TotN),
dissolved inorganic nitrogen (DIN) and total organic nitrogen (TON) in gN/m’ (equivalent to
mgN/l) at observations points in a) wetland areas: upper, middle, and low, and b) inflows and

outflow, for the different conditions. Results from one-year simulation.

a) UPPER MIDDLE Low
S1 S2 ABANICOF S7 S3c

TotN MIN MAX AvE MIN MAX AvVE MIN Max AvE MIN Max AvVe MIN MAX AVE
1990 (Dry) 0.7 1.2 1.0 0.6 1.2 0.8 0.6 11 0.7 0.6 1.3 0.8 0.7 1.3 1.0
1998 (El Nifio) 0.8 1.2 1.1 0.6 1.2 0.9 0.6 1.0 0.8 0.6 1.1 0.8 0.7 1.1 1.0
2006 (Ave) 0.7 1.2 09 0.6 1.1 0.8 0.6 1.0 0.7 0.6 1.3 0.8 0.7 13 1.0
MAXhisto 0.7 1.2 1.0 0.6 1.2 0.9 0.6 11 0.8 0.7 1.3 0.9 0.7 12 1.0
MINhisto 0.7 1.2 1.0 0.7 1.2 0.8 0.6 0.9 0.7 0.6 1.3 0.7 0.6 1.30.8
Scen dry-30%smooth 0.8 1.2 1.0 0.7 11 0.9 0.6 0.8 0.7 0.6 0.9 0.7 0.6 1.10.9
ScenMAXhisto_smooth 0.6 1.2 1.0 0.6 1.4 0.9 0.6 1.5 0.8 0.7 1.3 0.9 0.9 1.1 1.1
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DIN
1990 (Dry) 0.0 0.3 0.2 0.0 0.3 0.1 0.0 0.3 0.0 0.0 0.3 0.1 0.1 0.3 0.2
1998 (El Nifio) 0.0 0.3 0.2 0.0 0.3 0.1 0.0 0.3 0.1 0.0 0.3 0. 0.0 0.3 0.2
2006 (Ave) 0.0 0.3 0.1 0.0 0.3 0.1 0.0 0.2 0.0 0.0 0.3 0.1 0.0 0.3 0.2
MAXhisto 0.0 0.3 0.2 0.0 0.3 0.1 0.0 0.3 0.1 0.0 0.4 0.2 0.0 0.3 0.2
MINhisto 0.0 0.3 0.2 0.0 0.3 0.1 0.0 0.1 0.0 0.0 0.3 0.0 0.0 0.3 0.1
Scen dry-30%smooth 0.0 0.3 0.2 0.0 0.2 0.4 0.0 0.1 0.0 0.0 0.2 0.0 0.0 0.2 0.2
ScenMAXhisto_smooth 0.0 0.3 0.2 0.0 0.3 0.1 0.0 0.3 0.0 0.0 0.3 0.1 0.1 0.3 0.3
TON
1990 (Dry) 0.7 0.9 0.8 0.6 0.9 0.7 0.6 0.8 0.7 0.6 1.0 0.7 0.6 1.00.8
1998 (El Nifio) 0.7 0.9 0.8 0.6 0.9 0.8 0.6 0.8 0.7 0.6 0.8 0.7 0.7 0.80.8
2006 (Ave) 0.7 0.9 0.8 0.6 0.9 0.7 0.6 0.8 0.7 0.6 1.0 0.7 0.7 1.00.8
MAXhisto 0.7 1.0 0.8 0.6 0.9 0.8 0.6 0.8 0.7 0.7 0.9 0.7 0.7 0.90.8
MINhisto 0.7 1.0 0.8 0.6 0.9 0.7 0.6 0.8 0.7 0.6 1.0 0.7 0.6 1.10.7
Scen dry-30%smooth 0.7 0.9 0.8 0.7 0.9 0.8 0.6 0.8 0.7 0.6 0.8 0.7 0.6 0.9 0.7
ScenMAXhisto smooth 0.6 1.0 0.8 0.6 11 0.8 0.6 1.3 0.8 0.7 1.0 0.8 0.8 0.80.8

b) INFLOW INFLOW

(NUEvO RIVER) (EL RECUERDO) OuTFLOW

TotN MIN MaAXx Ave MIN MaAXx Ave MIN MaAX Ave

1990 (Dry) 1.1 1.1 1.1 0.7 1.2 1.1 0.8 1.6 1.0

1998 (El Nifio) 1.1 1.1 1.1 0.9 1.2 1.2 0.9 1.3 1.0

2006 (Ave) 1.1 1.1 1.1 0.8 1.2 1.1 0.9 1.6 1.0

MAXhisto 1.1 1.1 1.1 0.8 1.2 1.1 1.0 1.6 1.1

MINhisto 0.8 2.3 1.1 0.7 1.2 1.1 0.6 1.6 1.0

Scen dry-30%smooth 1.1 2.4 1.2 1.0 1.2 1.2 0.6 1.1 1.0

ScenMAXhisto smooth 1.1 1.1 1.1 0.7 1.2 1.1 1.0 1.2 1.1

DIN

1990 (Dry) 0.2 0.3 0.2 0.0 0.3 0.2 0.1 0.3 0.2

1998 (El Nifio) 0.2 0.3 0.3 0.2 0.3 0.3 0.2 0.4 0.3

2006 (Ave) 0.2 0.3 0.2 0.0 0.3 0.2 0.2 0.3 0.3

MAXhisto 0.2 0.3 0.3 0.1 0.3 0.2 0.2 0.4 0.3

MINhisto 0.0 1.5 0.3 0.0 0.3 0.2 0.0 0.3 0.2

Scen dry-30%smooth 0.2 1.6 0.3 0.2 0.3 0.3 0.0 0.3 0.2

ScenMAXhisto smooth 0.2 0.3 0.3 0.0 0.3 0.2 0.3 0.3 0.3

TON

1990 (Dry) 0.8 0.9 0.9 0.7 1.0 0.9 0.6 1.4 0.7

1998 (El Nifio) 0.8 0.9 0.8 0.8 1.0 0.9 0.7 0.9 0.8

2006 (Ave) 0.8 0.9 0.9 0.8 1.0 0.9 0.7 1.4 0.8

MAXhisto 0.8 0.9 0.8 0.8 1.0 0.9 0.7 1.3 0.8

MINhisto 0.8 0.9 0.8 0.7 1.0 0.9 0.6 1.4 0.8

Scen dry-30%smooth 0.8 0.9 0.9 0.8 1.0 0.9 0.6 0.8 0.7

ScenMAXhisto_smooth 0.8 0.9 0.8 0.7 1.0 0.9 0.7 0.9 0.8
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Nitrogen temporal variability

The temporal variability (monthly averaged) of the simulated total nitrogen
concentrations (TotN) at observation points located in the three-wetland areas is
presented in Figure 5-7 and for dissolved inorganic nitrogen (DIN) in Figure 5-8.
Results from the model showed that despite the different inflow conditions of Nuevo
River, the range of concentrations between the different conditions was similar.
Other conditions are presented in Appendix E.
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Figure 5-7 Simulated total nitrogen (TotN) concentrations in gN/m? (equivalent to mgN/l).
Observations points located at the Upper (S1), Middle (S2), and Low (S7) wetland areas. For the
extreme years: 1990 (dry year) and 1998 (Extreme wet- El Nifio year). Results from one-year
simulation.
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Figure 5-8 Simulated dissolved inorganic nitrogen (DIN) concentrations in gN/m’ (equivalent to
mgN/l). Observations points located at the Upper (S1), Middle (S2), and Low (S7) wetland areas.
For the extreme years: 1990 (dry year) and 1998 (Extreme wet- El Nifio year). Results from one-
year simulation.
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Nitrogen spatial variability

Spatial variability of total nitrogen (TotN) for the extreme years 1990 (dry) and 1998
(El Nino) is illustrated in Figure 5-9. Higher concentrations usually started during
February, which coincide with periods of maximum wetland inundation. During
these periods, the highest concentrations (1.3-1.5 mgN/l), were observed at the lower
and middle areas of the wetland, indicating an increase in the organic fraction
produced in-situ during periods of high floods. As the wet season continues,
concentrations (around 1 mgN/l) were observed mainly at the areas located closer to

the inflows.
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Figure 5-9 Spatial distribution of simulated concentrations of total nitrogen (TotN) in gN/m?
(equivalent to mgN/l). Output maps extracted the same day every month. From left to right:
January-June and December (on the right). For the extreme years: 1990 (dry year) and 1998
(Extreme wet- El Nifio year).
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The highest concentrations (up to 2 mgN/l) were more frequent at shallow patches
and not in the main wetland channels. A decrease in concentrations occurred during
the dry season, and was more evident since July, stabilizing in values between 0.5
and 0.8 mgN/l. The last three months of the year showed a regular distribution of
low concentrations in the entire wetland area, with higher concentrations occurring
only in areas nearby the Nuevo River (Figure 5-9). Other hydrological conditions are
presented in Appendix E. The maps showed that during extreme wet conditions like
El Nifio year-1998 and the Scenario MAXhistoric, concentrations in the main
channels remained at higher levels even until June-July (Appendix E). Overall, all the
years and conditions simulated showed the lowest concentrations in the last three

months of the year.

Phosphorus

Simulated total-P concentrations (TotP) ranged between 0.02 and 0.2 mg/l. The
highest values occurred during dry conditions at observation point S3c located in the
low wetland area and close to the main inflow, indicating that during driest
conditions concentrations at the low areas might increase. Nevertheless, excluding
these two maxima, the entire wetland area did not reach concentrations higher than
0.1 mg/l, and overall the model provided simulated results within the range of

measured ones (Table 5-8).

Table 5-8 Minimum, maximum and average simulated concentrations of total phosphorus (TotP)
in gP/m’ (equivalent to mgP/l), at observations points in wetland areas: upper, middle, and low,
for the different conditions. Results from one-year simulation.

UPPER MIDDLE Low
S1 S2 ABANICOF S7 S3c
TotP MIN MAx Ave MIN MAX AVE MIN MAXx  AvE MIN MAX AvVe MIN MAX AVE
1990 (Dry) 0.07 0.10 0.09 0.03 0.10 0.08 0.02 0.08 0.05 0.03 0.09 0.06 0.04 0.09 0.07
1998 (El Nifio) 0.09 0.1 0.10 0.07 0.10 0.09 0.06 0.10  0.09 0.06 0.10 0.08 0.06 0.10 0.08
2006 (Ave) 0.07 0.10 0.09 0.04 0.10 0.08 0.02 0.10  0.06 0.03 0.09 0.06 0.04 0.09 0.07
MAXhisto 0.07 0.10 0.09 0.05 0.10 0.08 0.04 0.10 0.07 0.04 0.10 0.07 0.05 0.10 0.07
MINhisto 0.08 0.10 0.10 0.05 0.10 0.08 0.02 0.10  0.06 0.03 0.09 0.06 0.04 0.20 0.07
Scendry-30%smooth 0.08 0.10 0.10 0.06 0.10 0.09 0.04 0.10 0.07 0.04 0.09 0.07 0.05 0.23 0.07

ScenMAXhisto_smooth 0.04 0.10 0.09 0.02 0.10 0.07 0.02 0.10 0.06 0.03 0.10 0.06 0.06 0.09 0.07
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Phosphorus temporal variability

Simulated total-P concentrations (TotP) (monthly averaged) were up to 0.1 mg/l. The
temporal variability of the simulated total phosphorus concentrations (TotP) at
observation points located in the three-wetland areas is illustrated in Figure 5-10.
Similarly to TotN, results from the model showed that the range of TotP
concentrations between different conditions was similar, ranging between 0.05 and

0.1 mgP/1. Other conditions are presented in the Appendix E.
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Figure 5-10 Simulated total phosphorus (TotP) concentrations in gP/m’® (equivalent to mgP/l).
Observations points located at the Upper (S1), Middle (S2), and Low (S7) wetland areas. For the
extreme years: 1990 (dry year) and 1998 (Extreme wet- El Nifio year). Results from one-year
simulation.

Phosphorus spatial variability

The spatial variability of total phosphorus (TotP) for the extreme years 1990 and 1998
is illustrated in Figure 5-11. Higher concentrations characterize the Upper Chojampe
inflow area for both years. For the dry year, in the main wetland channels,
concentrations started increasing from February and maintained high till July (> 0.08
mgP/1), when they started decreasing and maintained around 0.05 mgP/l until the
end of the year. Therefore, the duration of higher concentrations of TotP in the main
channels was longer compared to the duration of higher concentrations of TotN. This
pattern might be related to the difference in the fractioning of both nutrients: TotN is
mainly composed by the organic fraction, which is higher during the months of high
inundation (February-March) due to primary production, while TotP is mainly
composed by the inorganic fraction, and probably is being released locally, not
depending on flooding (Figure 5-11). The driest conditions (1990 and MINhisto)
showed a similar pattern, with maximum concentrations in the main channels until

July. On the other hand, during extreme wet conditions like ‘El Nifio year” and the
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Scenario MAXhisto, concentrations in the main channels remained at higher levels
longer, reaching September for MAXhisto, and even till December during El Nifio
year 1998. The spatial maps for the MINhisto and MAXhisto scenarios are presented
in Appendix E. Overall, for all conditions simulated, higher concentrations of TotP
were maintained for longer periods when compared with high concentrations of
TotN, which probably might be related to the differences in partitioning of both
nutrients.
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Figure 5-11 Spatial simulated concentrations of total phosphorus (TotP) in gP/m’ (equivalent to
mgP/l). Output maps extracted the same day every month. From left to right: January to June,
and December (on the right). For the extreme years: 1990 (dry year) and 1998 (Extreme wet- El
Nifio year).
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Silica

Simulated Silica concentrations showed minimum values around 10 mgSi/l (gSi/m?3),
and average values up to 30 mg Si/l as indicated in Table 5-9.

Table 5-9 Minimum, maximum and average simulated concentrations of silica (Si) in gSi/m?, at

observations points (upper, middle, and low wetland areas), for the different conditions. Results
from one-year simulation.

UPPER MiIDDLE Low

S1 S2 ABANICOF S7 S3c
Si MIN AVE MIN AVE  MIN AVE MIN AVE MIN AVE
1990 (Dry) 10 23 10 30 12 26 1 27 11 17
1998 (EI Nifio) 10 17 12 25 14 27 12 26 11 16
2006 (Ave) 10 22 10 30 14 31 12 26 11 16
MAXhisto 10 19 12 19 13 20 12 17 11 14
MINhisto 10 23 10 30 13 28 12 29 11 29
Scen dry-30%smooth 10 20 1 28 14 23 14 25 12 22
ScenMAXhisto_smooth 10 22 1 21 1 21 1 18 12 13

Organic carbon

Simulated total organic carbon concentrations (TOC) varied between 9 and 22 mgC/1,
with higher values occurring mainly in the low area and Nuevo River inflow. The
upper wetland site (S1) showed similar values to its closer inflow “El Recuerdo’. The
outflow of the wetland showed a combination of values from wetland and main
inflow ‘Nuevo River’ (Table 5-10). At the low wetland area, the average values were
lower during dry simulated conditions (MINhisto and Scendry-30%), for the rest no
clear differences between the different conditions simulated were observed. Overall
the model produced simulated results in the range of measured ones.

Table 5-10 Minimum, maximum and average simulated concentrations of total carbon (TOC) in

gC/m? (mgC/l), at observations points in a) wetland areas: upper, middle, and low, and b) inflows
and outflow, for the different conditions. Results from one-year simulation.

UPPER MIDDLE Low

a) S1 S2 ABANICOF S7 S3c

TOC MIN MAX AVE MIN MAX AVE MIN MAX AVE MIN MAXAVE MIN MAX AVE
1990 (Dry) 1 15 12 10 18 1 9 18 1 10 21 13 12 22 18
1998 (El Nifio) 1 15 13 10 18 12 9 19 1 9 21 12 1M 22 17
2006 (Ave) 10 15 12 10 19 12 1 17 12 11 2114 12 22 19
MAXhisto 11 15 13 11 19 13 1 20 13 11 22 15 12 22 19
MINhisto 11 15 12 10 14 N 9 15 10 9 20 M 9 22 14

Scen dry-30%smooth 1 14 13 10 13 1 10 11 1 10 19 11 9 22 15
ScenMAXhisto smooth 11 15 13 1 16 12 1 14 12 1 2114 15 22 20
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INFLOW INFLOW
b) (Nuevo RIVER) (EL RECUERDO)  OUTFLOW
TOC MIN MAX AVE MIN MAX AVE  MINMAX AVE
1990 (Dry) 21 22 22 1 15 14 13 21 19
1998 (El Nifio) 22 22 22 12 15 14 177 21 20
2006 (Ave) 2 22 22 11 15 14 13 21 20
MAXhisto 22 22 22 11 15 14 13 21 20
MINhisto 16 22 21 11 15 14 9 21 16
Scen dry-30%smooth 18 22 22 12 15 14 9 21 18
ScenMAXhisto_smooth 22 22 22 1 15 13 19 21 21

Total organic carbon temporal variability

The temporal variability of the simulated total organic carbon concentrations (TOC)
(monthly averaged) at observation points located in the three-wetland areas is
illustrated in Figure 5-12. Similar to TotN and TotP, results from the model showed
that the range of TOC concentrations between different conditions was similar,
ranging between 10 and 18 mg C/1. Other conditions are presented in the Appendix
E.
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Figure 5-12 Simulated total carbon (TOC) concentrations in gC/m’ (equivalent to mgc/l).
Observations points located at the Upper (S1), Middle (S2), and Low (S7) wetland areas. For the
extreme years: 1990 (dry year) and 1998 (Extreme wet- El Nifio year). Results from one-year
simulation.

Total organic carbon spatial variability

The spatial distribution of total organic carbon (TOC) for the dry and extreme wet
year is presented in Figure 5-13. Higher concentrations characterized the low
wetland areas located close to the main inflow ‘Nuevo River’, showing extended
patches with concentrations up to 20 mgC/l. This pattern was observed along the
year for both conditions, excepting for February of the dry year, where the higher
concentrations were shown in the main branches. The rest of the wetland area
appeared to stabilize in concentrations between 10 and 15 mgC/l. A decrease in the

concentrations in the upper wetland area was evident during the last two months of
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the year. The other hydrological conditions followed a similar pattern, with higher
concentrations at low wetland areas, differing only in the surface extension of the
patches between simulations. Lower concentrations in the upper areas were also
observed during the last months of the year. The exception was the MAXhisto
scenario that maintained concentrations above 10 mgC/1 till the end of the year, most
probably fomented by the high discharges from Nuevo River (Appendix E). Overall,
the wetland is characterized by concentrations between 10 and 15 mgC/l, since all
simulations showed bigger patches with concentrations in this range.
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Figure 5-13 Spatial simulated concentrations of total carbon (TOC) in gC/m’ (equivalent to mgC/l).
Output maps extracted the same day every month. From left to right: January-June and
December. For the extreme years: 1990 (dry year) and 1998 (Extreme wet- El Nifio year).
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5.4.3 Temporal and spatial variations of primary producers

Primary production was evaluated in terms of Chlorophyll-a and Phytoplankton
biomass (Table 5-11 & Table 5-12). Simulated concentrations of Chlorophyll-a were
between 3 and 33 mg/m? at wetland sites, 7 - 19 mg/m? at the inflows, and 2 - 37
mg/m? at the outflow (Table 5-11). Despite the wide range at wetland sites, annual
average values were similar for all conditions simulated, ranging between 9 and 12
mg/m? at the three wetland areas. However, based on a closer observation only of the
maxima, it can be seen that the maxima of the middle area sites were lower than the
ones at the upper area for all simulations but Scen MAxhisto, and probably an
indication of higher primary consumption by zooplankton in middle areas.
Furthermore, the lowest minimum values were observed at S7 (low wetland area), as
a result of the dilution effects due to proximity to the Nuevo River inflow, a high
primary consumption, or a combination of both. Simulated concentrations of
phytoplankton biomass (Phyt) in gC/m? followed the same pattern of Chlorophyll-a
(Table 5-12).

Table 5-11 Minimum, maximum and average simulated concentrations of Chlorophyll-a in mg/m?

(equivalent to pg/l), at observations points in a) wetland areas: upper, middle, and low, and b)
inflows and outflow, for the different conditions. Results from one-year simulation.

a) UPPER MIDDLE Low
St S2 ABANICOF S7 S3c¢

Chl-a MIN MAX AVE MIN MAXx AvE MIN MAX AVE MIN MAx AVE MIN MAX AVE
1990 (Dry) 10 23 12 8 15 11 8 14 1 5 21 M 7 17 12
1998 (El Nifio) 8 21 1 6 177 11 5 15 N 3 14 1M 6 18 11
2006 (Ave) 8 19 11 8 18 11 7 14 1 3 20 10 6 21 12
MAXhisto 7 17 10 5 18 10 5 15 11 3 15 9 5 16 9
MINhisto 1 25 12 10 14 11 8 13 1 6 15 1 10 18 12
Scen dry-30%smooth 1 25 12 0 15 11 8 13 1 9 17 1 1 18 12
ScenMAXhisto smooth 8 24 10 8 24 1 9 33 12 5 14 9 6 13 9

b) INFLOW INFLOW

(NuEvo RIVER) (EL RECUERDO) OUTFLOW
Chl-a MIN MaAx AVE MIN MaAx AvVE MIN Max  AvE
1990 (Dry) 9 19 17 1 25 13 4 3 9
1998 (El Nino) 7 19 14 10 16 13 3 1 7
2006 (Ave) 7 19 16 10 29 13 3 36 8
MAXhisto 7 18 1 9 18 12 2 25
MINhisto 1 19 16 1 18 14 5 32 10
Scen dry-30%smooth 1 19 17 12 16 14 5 12 9
ScenMAXhisto_smooth 7 17 1 9 26 12 3 7 5




Chapter 5 - Evaluation of water quality and primary production dynamics!| 177

Table 5-12 Minimum, maximum and average simulated concentrations of phytoplankton biomass
(gC/m?), at observations points in a) wetland areas: upper, middle, and low, and b) inflows and
outflow, for the different conditions. Results from one-year simulation.

a) UPPER MIDDLE Low
St S2 ABANICOF S7 S3c
Phyt MIN MAX AVE MIN MAX AVE MIN MAX AVE MIN MAX AVE MIN MAX AVE
1990 (Dry) 0.3 0.9 0.3 0.2 0.6 0.3 0.2 0.5 0.3 0.1 0.7 0.3 0.2 0.5 0.3
1998 (El Nifio) 0.2 0.8 0.3 0.2 0.5 0.3 0.1 0.5 0.3 0.1 0.5 0.3 0.2 0.5 0.3
2006 (Ave) 0.2 0.8 0.3 0.2 0.7 0.3 0.2 0.5 0.3 0.1 0.6 0.3 0.2 0.8 0.3
MAXhisto 0.2 05 0.3 0.4 0.5 0.3 0.1 0.5 0.3 0.1 0.5 0.3 0.2 0.5 0.3
MINhisto 0.3 0.9 04 0.3 0.5 03 0.3 0.5 0.3 0.2 0.5 0.3 0.3 0.6 0.3
Scen dry-30%smooth 0.3 0.9 0.4 0.3 0.5 0.3 0.2 0.5 0.3 0.3 0.6 0.3 0.3 0.6 0.3
ScenMAXhisto_smooth 0.2 0.8 0.3 0.3 0.8 0.3 0.3 1.0 0.4 0.1 0.4 0.3 0.2 0.4 0.2
INFLOW INFLOW

b) (NUEVO RIVER) (EL RECUERDO) OutrFLow

Phyt MIN  MAX AVE MIN MAX AvE MIN  MAX AVE

1990 (Dry) 03 0.5 05 0.3 0.7 0.4 0.1 0.9 0.3

1998 (El Nifio) 02 0.5 0.4 0.3 0.5 0.4 0.1 0.3 0.2

2006 (Ave) 0.2 0.5 0.4 0.3 1.0 0.4 0.1 1.0 0.2

MAXhisto 0.2 0.5 03 0.3 0.5 0.4 0.1 0.7 0.1

MINhisto 0.3 0.5 0.4 0.3 0.5 0.4 0.2 0.8 0.3

Scen dry-30%smooth 03 0.5 05 0.3 0.5 0.4 0.2 0.3 0.3

ScenMAXhisto_smooth 02 05 03 0.3 0.8 0.4 0.1 0.2 0.1

Temporal variability of primary producers

The temporal variability of primary production variables (monthly averaged) is
represented in Figure 5-14 and Figure 5-15. Similarly, to nutrients and carbon
patterns, simulated results for the three-wetland areas determined that regardless the
different conditions, the concentrations between the conditions maintained a similar
range. Chlorophyll-a concentrations (monthly averaged) were between 7 and 15
mg/m?3, and phytoplankton biomass from 0.2 to 0.5 gC/m?. The influence of the main
inflows on the chlorophyll-concentrations in the three-wetland areas was also

evaluated by correlation analysis (Table 5-13).

At the upper wetland area (51), correlation analysis showed an inverse relation
between Chlorophyll-a concentrations and ‘El Recuerdo” discharge. Thus suggesting
that a peak in el Recuerdo inflow produced drops in chlorophyll-a not higher than 3
mg/m?® mainly when the wetland has reaching its maximum inundation capacity.
Correlation coefficients were higher when the correlation was calculated only for the

wet season (r=-0.5 to -0.7). When the correlation was calculated for the whole year the
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coefficients showed still an inverse relation, but the coefficients were lower (-0.3 to -
0.6) (Table 5-13).

At middle wetland area (52), correlation analysis also showed an inverse relation
between Chlorophyll-a concentrations and El Recuerdo discharge. During a dry year
(1990), Nuevo River appeared to have more influence than El Recuerdo inflow in the
chlorophyll-a concentrations of this area (Table 5-13). However, coefficients were
weak for 1990 and 2012, and intermediate for 1998, suggesting that El Recuerdo had
more influence on the middle wetland area during a wettest year (pattern previously
explained by the tracer analysis). An inverse relation was also observed with Nuevo
River inflow, with higher coefficients during wettest years (1998 & 2012), suggesting
that the influence of Nuevo River on the chlorophyll-a concentrations of the middle
area was also more pronounced during wettest conditions. Nevertheless, the
coefficient of the Nuevo River during a dry year (1990) was higher than the one of El
Recuerdo, indicating that the Nuevo River could have more influence on the general
pattern of chlorophyll-a concentrations at the middle wetland areas, rather than El
Recuerdo during a dry year (Table 5-13). Overall, oscillations of both inflows
occurring during the central period of the wet season did not cause drops in
chlorophyll-a concentrations higher than 2 mg/m3. Hence, suggesting that the
chlorophyll-a concentrations in the middle wetland area are not dependent only of
the inflows influence, but also of in-situ processes that had an important role in
defining the concentrations in this area. At the low wetland area (S7), correlation
analysis indicated an inverse relation between Chlorophyll-a concentrations and
Nuevo River discharge (r=-0.6 to -0.8) for the different conditions tested (Table 5-13).
Thus suggesting that peaks in Nuevo River discharge produces a drop in

Chlorophyll-a concentrations.

Chlorophyll-a (1990"Dry year") Chlorophyll-a (1998 " El Nifio year")
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Figure 5-14 Simulated Chlorophyll-a concentrations (mg/m?). Observations points located at the
Upper (S1), Middle (S2), and Low (S7) wetland areas. For the extreme years: 1990 (dry year) and
1998 (Extreme wet- El Nifio year). Results from one-year simulation.
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Figure 5-15 Simulated phytoplankton biomass (Phyt) (gC/m?). Observations points located at the
Upper (S1), Middle (S2), and Low (S7) wetland areas. For the extreme years: 1990 (dry year) and
1998 (Extreme wet- El Nifio year). Results from one-year simulation.

Table 5-13 Correlation coefficients: Chlorophyll-a vs. main inflows discharges, at upper, middle
and low wetland observation points and different conditions. (Results from one year and only
wet season)

EL RECUERDO NUEVO RIVER
WETLAND AREAS/CONDITIONS WHOLE  WET SEASON WHOLE YEAR WET SEASON
S1 (Upper wetland)
1990 (dry year) -0.3 -0.5
1998 (El Nifio) -0.6 -0.7
2012 -0.4 -0.7
S2 (Middle wetland)
1990 (dry year) -0.2 0.2 -0.3 0.1
1998 (El Nifio) -0.4 -0.1 -0.5 -0.2
2012 -0.3 -0.1 -0.6 -0.5
S7 (Low wetland)
1990 (dry year) -0.6 -0.7
1998 (El Nifio) -0.8 -0.7
2012 -0.8 -0.8

Spatial variability of primary production

The spatial distribution of chlorophyll-a and phytoplankton biomass for the dry and
extreme wet year is presented in Figure 5-16 & Figure 5-17. Lower concentrations in
the main branches were observed during February for the dry year and April for 'El
Nifio year. During these periods, the wetland experienced dilution in the
concentrations due to the higher inflows entering the system. Afterwards, main
channels of the wetland stabilized in concentrations around 12 mg/m?® for
chlorophyll-a and 0.4 gC/m?® for phytoplankton biomass (concentrations observed
until the end of the year). Higher concentrations were observed in shallow marginal

areas. The other simulated conditions MINhisto and MAXhisto followed a similar
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pattern, with lower concentrations produced during peak inflows (Appendix E). The
difference between conditions was only in the surface extension of the patches
concentrations, due to the difference in inundation between simulations. During
wettest simulations (1998 & MAXhisto), lower concentrations were quite evident in
the low wetland area during peak inflows of Nuevo River. This dilution effect
reached up to the middle wetland area, as it is observed for the MAXhisto scenario.
Driest conditions (1990 & MINhisto) showed a homogeneous pattern in patches
concentrations around 12 mg/m? (Appendix E). Overall, the wetland is characterized
by concentrations around 12 mg/m?3, since all simulations showed higher extension of
patches areas with this concentration.
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Figure 5-16 Spatial simulated concentrations of Chlorophyll-concentrations (mg/m®) (equivalent to
pg/l). Output maps extracted the same day every month. From left to right: January-June and
December. For the extreme years: 1990 (dry year) and 1998 (Extreme wet- El Nifio year).
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Figure 5-17 Spatial simulated concentrations of phytoplankton biomass (Phyt) (gC/m’). Output
maps extracted the same day every month. From left to right: January-June and December. For
the extreme years: 1990 (dry year) and 1998 (Extreme wet- El Nifio year).
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5.4.4 Temporal and spatial variations primary consumers

Primary consumers were modelled as zooplankton biomass (gC/m?) with an imposed
biomass function. Simulated biomass concentrations deviated from the imposed
concentrations when algae and detritus where not in a sufficient amount to maintain
the imposed biomass. The calculated concentrations varied from 0.5 gC/m? to 3
gC/m? (Table 5-14). These values coincide with the low and upper limits of the
imposed forcing function. The range of zooplankton concentrations occurring
between these values correspond to the adjustments that the biomass experienced

due to the fluctuations in food availability.

Annual average biomass values were similar between the conditions simulated,
ranging from 1.4 to 1.9 gC/m?® at the three wetland areas (Table 5-14). The site S3c
located close to the Nuevo River showed the highest average values (1.9 gC/m?3).
Concentrations at Nuevo River inflow showed maxima of 3 gC/m? indicating that
there was no food limitation at this point. Thus, at Nuevo River inflow, the calculated
zooplankton biomass followed the same trend as the imposed function for all the
conditions tested but MINhisto, also confirmed by inspection of the corresponding

inflow time series (figure not presented).

During the dry season of the MINhisto, the deviation from the imposed biomass was
from 3 to 2.4 gC/m3. On the other hand, ‘El Recuerdo’” inflow showed a deviation
from the imposed function for all the conditions. This deviation was reflected in the
maxima that were always below 3gC/m?® (maximum imposed in the function), thus,
suggesting possibly limitation of food at the Upper Chojampe inflows.

Table 5-14 Minimum, maximum and average simulated zooplankton biomass (gC/m’), at

observations points in a) wetland areas: upper, middle, and low, and b) inflows and outflow, for
the different conditions. Results from one-year simulation.

a) UPPER MIDDLE Low
S1 S2 ABANICOF S7 S3c

CZooplank MIN MAX AVE MIN MAX AVE  MIN MAX AVE MIN MAX AVE MIN MAX AVE
1990 (Dry) 0.5 2.5 1.6 0.5 21 1.5 0.5 2.2 15 0.5 2.5 1.6 0.5 3.0 1.9
1998 (EI Nifio) 0.5 2.1 1.5 0.5 2.0 1.5 0.5 2.0 1.5 0.5 2.5 1.6 0.5 3.0 1.9
2006 (Ave) 0.5 2.8 1.6 0.5 21 1.6 0.5 2.4 1.6 0.5 3.0 1.7 0.5 3.0 1.9
MAXhisto 0.5 2.1 1.6 0.5 21 1.5 0.5 2.0 1.6 0.5 3.0 1.8 0.5 3.0 1.9
MINhisto 0.5 2.6 1.5 0.5 2.1 1.5 0.5 2.1 1.5 0.5 2.2 1.6 0.5 3.0 1.6
Scendry-30%smooth 0.5 2.6 1.5 0.5 21 1.5 0.5 21 1.4 0.5 2.1 1.6 0.5 3.0 1.9

ScenMAXhisto_smooth 0.5 2.8 1.6 0.5 21 1.6 0.5 2.5 1.7 0.5 2.0 1.5 0.5 3.0 1.9
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B) INFLOW INFLOW
(NuEvo RIVER) (EL RECUERDO) OUTFLOW

CZooplank MIN Max Ave MiIN Max Ave MIN Max Ave
1990 (Dry) 0.5 3.0 1.9 05 21 1.5 05 3.0 19
1998 (El Nino) 0.5 3.0 19 05 24 15 0.5 30 19
2006 (Ave) 0.5 3.0 19 05 23 1.5 05 3.0 19
MAXhisto 0.5 3.0 1.9 05 23 15 05 3.0 19
MINhisto 0.5 3.0 18 0.5 2.1 1.5 0.5 3.0 14

Scen dry-30%smooth

0.5 3.0 19 05 22 1.5 05 30 18

ScenMAXhisto_smooth 0.5 3.0 1.9 05 23 17 0.5 30 19

Temporal variability of primary consumers

The temporal variability of primary consumers (Zooplankton biomass) at

observation points located in the three-wetland areas is illustrated in Figure 5-18.

Zooplankton biomass appeared to be driven by food availability rather than to

changes in inflows. Overall, the pattern at the three-wetland areas was similar

between the conditions. During the wet season, biomass experienced drops from 3

gC/m?® (maximum concentration imposed) to values between 2.0 and 2.7 gC/m?®.

While during the dry season, biomass stabilized in concentrations around 2 gC/m?.

Figure 5-19 illustrates the deviation of the concentrations at the three observation

points from the imposed function.
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Figure 5-18 Simulated zooplankton biomass (Zoo) (gC/m?). Observations points located at the
Upper (S1), Middle (S2), and Low (S7) wetland areas. For the extreme years: 1900 (dry year) and
1998 (Extreme wet- El Nifio year). Results from one-year simulation.
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Figure 5-19 Comparison of zooplankton function (dashed line) vs. simulated zooplankton biomass
(gC/m’) at observations points located at the Upper (S1), Middle (S2), and Low (S7) wetland areas.
For: dry year (1990), extreme wet year (1998), and sampling year 2012. Results from one-year
simulation.

Spatial variability of primary consumers

The spatial distribution of zooplankton biomass for the dry and extreme wet year is
presented in Figure 5-20. Temporal patterns showed higher concentrations during
April (up to 3 gC/m?3), and lower ones (0.5 gC/m?®) at the beginning of the wet season
and during June-July (Figure 5-20). Spatial patterns indicated that areas located close
to the main inflow ‘Nuevo River’ maintained the imposed high concentrations
during some months (green patches). This pattern in temporal and spatial
distribution was similar to the rest of the conditions simulated (Appendix E), and
appeared to be independent of the different peak inflows proper of each condition.
Nevertheless, the difference among all conditions was related to the surface
extension of these patches concentrations, due to the difference in inundation areas

between simulations (Appendix E).
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Figure 5-20 Spatial simulated concentrations of zooplankton biomass (Zoo) (gC/m?). Output maps
extracted the same day every month. From left to right: January-June and December. For the
extreme years: 1990 (dry year) and 1998 (Extreme wet- El Nifio year).
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Evaluation of temporal and spatial representations

Overall, the ecological model presented in this chapter represented well the
measured concentrations in this wetland system. Abras de Mantequilla wetland
exhibits concentrations of nutrients and primary production in the range of other
tropical systems. Temporal analysis of nutrients (N, P) determined that higher
concentrations were mainly observed during the wet season driven by the high
inflows occurring during this period, as observed in other tropical systems. The
model reproduced better inorganic nitrogen, dissolved oxygen and total phosphorus,
but has limitations to reproduce total nitrogen and chlorophyll-a at specific
observation points, probably due to the complexity that involve the fate of organic
components. However, spatial representations were useful to visualize those
maximum values that could not be reproduced in the temporal plots, providing an
overall range of the variables. Despite these limitations, the model can be used as an
‘indication” when applied for different hydrological conditions, since the aim is to
evaluate the overall functioning of the wetland. Concentrations of N, P and C were
similar between the different hydrological conditions simulated, as a result, the
system stabilized and reached similar concentrations despite the different magnitude
in the boundary conditions (namely inflows) imposed. A mass balance analysis
(yearly based) is implemented in Chapter 7 as a tool for further evaluation of

differences between hydrological conditions.
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5.5 Discussion
5.5.1 Temporal and spatial variability of nutrients

Overall, the ecological model represented well the measured concentrations in this
wetland system. Abras de Mantequilla wetland exhibits concentrations of nutrients
and primary production in the range of other tropical systems. The comparison of
AdM results with standards of trophic classification (Wetzel, 2001b; Wetzel, 2001d),
suggests that AdM wetland-system falls between two categories: mesotrophic due to
total nitrogen, chlorophyll-a, phytoplankton biomass, and annual primary

production, and eutrophic due to total phosphorus concentrations.

A narrow range of water temperatures characterizes this wetland system with no
marked variations along the year. Results showed similarities between the different
conditions simulated. This corroborates the pattern found in humid tropics located
close to sea levels, where daily and annual water temperature fluctuations are minor
(Lewis, 2008). Thus, in tropical systems, nutrients availability may gain more

importance over temperature in driving primary production (Lewis, 1987).

Results indicated that the high dynamics of this wetland system allow oxygenated
conditions along the year and sites, with higher annual average values at some sites.
Thus, the main inflow to the system ‘Nuevo River’ showed always high DO
concentrations, thus bringing high oxygenated waters to the wetland system.
Nonetheless, the wetland-inundated area presented a wider range of concentrations
driven not only by hydrodynamics but also by local processes. Upper inflows and
the wetland outflow showed intermediate concentrations between Nuevo River and

wetland inundated-area, which was in agreement with measured values.

The computational results confirm the observations from Chapter 3 in that overall,
nitrogen and phosphorus concentrations were typical for tropical systems and that
total nitrogen and fractions and total dissolved fraction of phosphorus were slightly
higher than for undisturbed rivers in the tropics (Lewis, 2008), thus suggesting a
certain degree of disturbance in the AdM wetland.

On the other hand, nitrogen has been found as the limiting nutrient in other tropical
South-American lentic environments (Lewis, 1986). Thus, in tropical waters, the ratio
dissolved inorganic nitrogen (DIN) to soluble reactive phosphorus (SRP) is usually

lower than in temperate waters (Lewis, 1996).
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Temporal analysis of nutrients (N, P) determined that higher concentrations were
mainly observed during the wet season driven by the high inflows occurring during
this period, as observed in other tropical systems where higher nutrients
concentrations are linked to the higher peaks of the hydrograph (Lewis, 2008), and
to storm events delivering pulses of N and P (Saunders et al., 2006). However,
phosphorus maintained higher concentrations until the middle of dry season for
some simulations. The end of the year showed the lowest concentrations of nutrients,
due to the minimal inflows entering the wetland during this period. Nevertheless,
processes as algae uptake and grazing, also play a role in nutrients cycle during this

dry phase.

Spatial analysis determined that nutrient concentrations at the different wetland
areas were influenced by the nearest inflows. Thus, upper and middle wetland areas
were more related to the discharges of “El Recuerdo’, and lower wetland areas by the
Nuevo River. This relation has been also observed in other tropical systems, where
nitrogen delivery is mainly controlled hydrographically, and where peaks of
nitrogen concentrations take place during the rising limb of the hydrograph (Lewis,
2008).

Furthermore, during dry conditions Nuevo River had a more influence in middle
areas, confirming the results of the tracer analysis developed in Chapter 2. The
influence of the Nuevo River in low wetland areas was also observed for total
organic carbon (TOC). The wetland is characterized with concentrations between 10
and 20 mgC/l, which are considered as characteristic of eutrophic lakes (Wetzel,
2001d). Since the majority of the variables classified AdM as a mesotrophic system,
the values of TOC should be considered with care, especially because its main
component is DOC, which was derived from measured values of POC, and not

directly measured.

Overall, the concentrations of N, P and C were similar between the different
hydrological conditions simulated, as a result, the system stabilized and reached
similar concentrations despite the different magnitude in the boundary conditions
(namely inflows) imposed. A mass balance analysis (yearly based) was implemented

as a tool for further evaluation of differences between hydrological conditions.



188 | Ecological modelling of river-wetland systems

5.5.2 Temporal and spatial variability of primary producers and consumers

Primary production was evaluated with chlorophyll-a concentrations and phyto
biomass, both variables exhibiting a similar trend. Yearly average chlorophyll-a
concentrations (9-12 mg/m?), described the system as mesotrophic (Wetzel, 2001d).
Overall, yearly average values were similar in the three-wetland areas, however,
maximum concentrations were low at middle areas, which might be an indication of
higher consumption by zooplankton probably due to the lower velocities and higher
residence time that characterized this area. This is also in agreement with the higher
densities of zooplankton collected in the middle area. However, the system can reach
maximum concentrations up to 37 mg/m? which are typical of eutrophic

environments.

The relation of primary production variables with the inflows followed a different
pattern than the one of nutrients. At the upper wetland area, the pattern of
chlorophyll-a can be divided in two periods, one at the beginning of the wet season
when the wetland starts its filling, when higher concentrations were observed most
likely linked to the initial high inflows peaks. Afterwards, at the middle of the wet
season, a despite higher inflows, the chlorophyll-a concentrations remain more or
less stable, suggesting an stabilization of this area. The middle area is influenced by
both inflows, with the Nuevo River gaining importance during dry years and El
Recuerdo during wettest year. The low wetland area is strongly influenced by Nuevo
River, with drops in concentration occurring when higher inflows enter the wetland,
suggesting a fast dilution and flushing in this area. Spatial analysis determined that
lower areas were characterized by lower concentrations during the peak months of
the wet season, due to dilution, and probably also related to the low retention times
that characterizes this area (up to 5 days). This relation with the inflows was

observed with the spatial dynamic simulations.

The concentrations at the outflow of the wetland showed for some simulations the
higher maxima compared to the rest of locations evaluated, most likely due to the
sudden flushing of inoculums. One of the advantages of the outflow characteristics
of AdM is that this outflow branch converts almost immediately into a fast flowing
river with the associated short retention time. In rivers with short retention time,
planktonic algae will be added to total turbidity and may not increase noticeably
during the transport further downstream (Hilton et al, 2006). Thus, no

eutrophication is expected to occur in the downstream river reaches of the wetland.



Chapter 5 - Evaluation of water quality and primary production dynamics!| 189

To sum up, the variations that chlorophyll-a concentrations experience in relation to
the inflows describe this system as highly linked to the seasonal hydrology, as well
as has been found in other tropical systems, where seasonal hydrology is a main
driver shaping food webs (Douglas et al., 2005). Overall, the wetland stabilizes in

concentrations around 12 mg/m3.

Inspection of algae limiting factors, determined that algae was not limited by
nutrient availability in this model set up. Constant input of nutrients via the inflows,
and in-situ mineralization of the organic matter (dissolved and particulate organic
fractions of carbon, nitrogen, and phosphorus that were also input variables for this
model) were key factors providing nutrients to this system. The latter is supported
by studies that confirm that recycling of nutrients can be more efficient at lower
latitudes (Lewis, 1987). The only limiting factor was growth, as a result of the grazing

function imposed.

Model outcome suggests that there was no limitation in primary production
resources available for next trophic level (primary consumers/grazers). As a result,
primary consumers represented by zooplankton maintained the imposed biomass

concentration almost all the time during the simulated period.

5.5.3 Nutrients partitioning

Total nitrogen was mainly composed by the organic fraction in all wetland areas
(>80%). However, middle and low areas showed higher contributions than the upper
area, suggesting a higher productivity in middle and low areas. The low contribution
of the inorganic fraction in these areas would suggest an active uptake by algae. On
the other hand, upper wetland areas showed higher contributions of the inorganic
fraction, suggesting a lower uptake of algae in this area. The inorganic fraction DIN
was mainly composed by nitrates (85-95%), slightly higher but overall following the
trend of what has been reported in undisturbed watersheds (Lewis et al., 1999;
Meybeck, 1982).

Total organic nitrogen was mainly composed by the dissolved fraction DON (>75%)
with the particulate fraction between 19 and 25%. This is consistent with the river
continuum concept that propose a higher nutrient processing at the lower sections of
a river (Vannote et al., 1980), and that the particulate fraction is usually more
representative at high stream orders. Furthermore, this fractioning is also comparable
with the average ratio PN/TN (0.3) found in these undisturbed watersheds ratio that

increases as the watershed area increases (Lewis et al.,, 1999). Particulate organic
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nitrogen (PON) showed a similar partitioning between the living fraction (N in algae

or AlgN) and the non-living one (N in detritus or PONnoa).

Total phosphorus was mainly composed by the inorganic fraction (phosphates >
72%), with higher contributions at the upper wetland, suggesting a lower uptake by
algae in this area. The organic fraction had particulate organic phosphorus (POP) as
main component (> 60%), which in turn was primarily composed by the living
fraction (P in algae or AlgP > 67%).

The fact that at upper wetland areas, the inorganic fraction of both nutrients had a
higher contributions than in the other two areas, it is an indication of a lower uptake
by algae in this area, which is in agreement with the lower phytoplankton densities
at upper wetland sites compared to the middle and low areas (See Chapter 4). It
appears that the water is transported from upper to middle areas, thus, the inorganic

nutrient uptake is fomented at middle areas.

Total organic carbon (TOC) was mainly composed by the dissolved fraction (DOC >
78%). The fractioning of particulate organic carbon (POC) indicated a higher
contribution of the non-living fraction (POCnoa) over the living-one (Phyto biomass),
especially during wet season with contributions up to 89%, while the living fraction
up to 48%.

Overall, the system did not show extreme differences between wetland areas and
simulations, but although changes in percentage of the nutrient fractioning
contributions were not so different between wetland areas, a tendency can be seen.

This occurs also for some processes in the mass balances of algae.



"Success is a science; if you have the conditions, you get the result”

Oscar Wilde

6

EVALUATION OF HABITAT SUITABILITY
CONDITIONS FOR FISH
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6.1 Background and scope

Tropical rivers and associated floodplain areas provide dynamic habitats for fish
(Winemiller and Jepsen, 1998) and contribute to maintaining the biodiversity of the
whole river ecosystem, provided that connectivity is maintained. Connectivity is a
key issue for floodplains, since richness and diversity of species decrease with
decreasing hydrological connectivity (Aarts et al., 2004). Tropical floodplains faced
gradual drying due to anthropogenic activities such as dam construction and
irrigation, causing impacts on fish communities. A reduction in the inundated areas
of floodplains decreases the habitat availability for fish communities. Reduction in
habitat areas in turn produces an increase in fish densities (per unit surface area),
intensification in species interaction and competition for resources (Winemiller and
Jepsen, 1998). In South-America, designation of aquatic protected areas has recently
started, and fish studies have been focusing more frequently at local rather than at
river basin scale (Barletta et al., 2010). Furthermore, in tropical systems few studies
have identified habitat preferences and developed habitat suitability criteria for fish
availability (Costa et al., 2013; Teresa and Casatti, 2013). These studies developed
habitat suitability criteria in the form of “preference curves’ for several fish species

based on hydraulic features (water-depth, velocity) and substrate.

A number of habitat suitability index models were developed in the early eighties to
provide habitat information of several wildlife species in the United States
(Schamberger et al., 1982). Initial habitat studies started in the 50's to determine
suitable areas for salmon spawning (Jowett, 1997). Habitat suitability is
conventionally indicated by a numerical index on a normalised 0.0 to 1.0 scale, with
the assumption that there is a positive relationship between the index and the habitat
carrying capacity of the selected species (Schamberger et al., 1982). Habitat suitability
criteria can be expressed in different categories and formats (Bovee, 1982). A first
category is based on expert opinions (professionals, stakeholders) instead of data. A
second category is based on data of the target species collected. These are known as
‘“utilization or habitat-use functions’ because they represent the conditions that the
target species faced at the time of observation or sampling. However, these criteria
can be biased by the environmental conditions available at the observation time,
since organisms could be forced to use suboptimal conditions when optimal ones are
not available. In order to correct this functional bias and be less site specific, a third

category named ‘preference functions’ was created (Bovee, 1986; Bovee et al., 1998).

The development of a habitat suitability analysis has to be related to the fact that

species are distributed according to their preferences for feeding and reproduction
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(Teresa and Casatti, 2013). Linking target species to their physical, chemical and
biotic conditions is the basis of habitat assessment. Physical aspects include
hydrology and geomorphology, and hydrological indicators can explain physical,
chemical and biological processes in wetlands (Funk et al., 2013). Thus, hydrological
conditions are key drivers for the wetland's structure and function. Hydrology
influences several abiotic factors that determine which biota will develop in the
wetland. “Hydrology is probably the single most important determinant of the establishment
and maintenance of specific types of wetlands and wetland processes’ (Mitsch and
Gosselink, 2007). Specific mesohabitat characteristics such as water-depth and
velocity have been found to play a key role in explaining fish communities structure
(Arrington and Winemiller, 2006), with several studies considering them as the main
variables for fish habitat analysis (Freeman et al., 2001; Schneider et al., 2012; Teresa
and Casatti, 2013; Van de Wolfshaar et al., 2010). In this chapter, the following key

research questions are investigated:

* What hydrological conditions are important for the AdM habitats?
* Is there an optimal period during the year that provides a higher extension of
suitable areas?

* Are there specific regions in the wetland that are more suitable than others?

This study proposes a methodology to quantify the extension of suitable habitat
areas for the fish communities of AdM wetland based on hydrodynamic features. A
measure related to the percentage of suitable habitat areas (PSA) is proposed as a tool
to explore the temporal and spatial variability of the habitat through the year for

different hydrological conditions.
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6.2 Study area

6.2.1 A Ramsar site

The AdM wetland is located at the centre of the Guayas River Basin in the Coastal
Region of Ecuador. The wetland was declared a Ramsar site in 2000 due to the
important role in conservation of bird fauna biodiversity, and especially because it
supports three migratory species of birds (Ramsar, 2014). It is also an IBA site
(Important Bird and Biodiversity Area) with 127 bird species reported. The wetland
was selected as the South-America case study for the WETwin Project, a project
funded by the European Commission (FP7) to enhance the role of the wetlands in
integrated water resource management. The wetland, part of the Chojampe sub-
basin, consists of branching water courses surrounded by elevations between 5-10 m
(Quevedo, 2008). Agriculture in the surrounding wetland area mainly consists of
short-term crops (rice, maize). Littoral areas of the wetland are covered by banks of
macrophytes (Figure 6-1a) populated by small fish (Characidae family) (Figure 6-1d).
Collected species from this family included common ones like Astyanax festae, and
endemics like Landonia latidens and Hyphessobrycon ecuadoriensis (Figure 6-2). The
wetland also provides a habitat for several fish species of commercial interest for
local communities (Barnhill and Lopez, 1974; Florencio, 1993; Quevedo, 2008; Revelo,
2010).

Figure 6-1 Study area: Sampling sites located in the upper (a) and middle (b) wetland areas. Fish
sampling (¢, d)
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« o

Astyanax festae L andonia latidens Hyphessobrycon ecuadoriensis

Aequidens rivulatus Cunimatorbis boufengeri Brycon dentex

Figure 6-2 Some species of small littoral fish species of Characidae family collected in Abras de
Mantequilla wetland (upper panel) during sampling campaigns 2011-2012. Species of commercial
interest for local communities reported in the wetland (low panel). Photos source (Aguirre, 2014).

Due to the proximity to the Equator, there are only two climatic periods: the wet
season (mid-December up to mid-May), and the dry season (July-November). The
seasonal variability and inter-annual variability of hydrological conditions was
presented in Chapter 2. The highest annual precipitation was observed in 1997 and
during the 1998 “El Nifio event’, with annual values of 4736 and 4790 mm. Figure 6-3
(same as Fig. 2-7) is repeated here to highlight the four hydrological years evaluated
in this chapter (1990, 1998, 2011, and 2012) and relate them to the historical rainfall
variability.
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Figure 6-3 Annual precipitation in Quevedo-Vinces Basin. Pichilingue station (1963-2012)
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6.2.2 The hydrodynamics of AdM wetland

The 2D hydrodynamic model of the AdM wetland was built with the Delft3D-FLOW
software, based on a 1:10000 topography. The model considered the wetland
extension and the location of the discharges. According to this topography, the
wetland area recorded levels between 6 and 34 m.a.s.l. The main inflow to the
wetland is the Nuevo River that flows through the Estero Boqueron and contributes
with 85% of the total wetland inflow (Chapter 2). During a strong rainy year like El
Nino 1998, the inflow discharges from Nuevo River to the wetland can reach
maximum values up to 650 m®s, while during a dry year, maximum discharges are
up to 260 m®s. The wetland also receives rainfall-run off from the Chojampe
subbasin with a contribution of around 15% (Figure 2-29 in Chapter 2). These
contributions slightly fluctuate according to the type of year (dry or wet). During the
dry season, the water level in the wetland decreases considerably, and water remains
only in the deep central channels, reducing the inundated area to around 10%
compared with the wet season. The total modelled wetland area was 4029 hectares
(40.3 km?) (Figure 2-17 in Chapter 2). Results from the hydrodynamic model show
that the wetland is flooded up to 27 km? (Figure 6-4).

The natural variability of the wetland inundation area was presented in Chapter 2.
Monthly averages of inundated areas indicate that historically the wetland
experiences flooding from 5 to 23 km?2 A high variability between the different
simulations during the wet season is evident. On the other hand, during the dry
season, the inundation areas do not differ among the simulations, all reaching a
value of about 5 km. Nevertheless, the exception is the maximum historical level
since this time series includes the complete set of extreme wet conditions for a long
historical period (1962-2010).
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Figure 6-4 Maximum wetland inundated areas (km*) from Delft3D-FLOW simulations for 2011&
2012 (sampling years), 1990 (dry year), 1998 (wet year), MINIMUM and MAXIMUM historical
(period 1962-2010). Scale bar indicates the water depth range (m).
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6.3 The habitat suitability index

The aim to develop a habitat suitability index is to indicate how suitable a particular
area is for a determined species or group of species. Clearly, this implies a number of
assumptions, for example: it is not clear if an index will indicate with certainty the
presence or absence of neither these species nor the quantity of the species. On the
other hand, to be able to determine a species habitat, it is important to know in which
period a species distributes. Thus, by exploring the space-time variability of an index,
the presence of these species could be estimated. The hydrological functioning of the
wetland explained in the previous section provides the base for our habitat
suitability approach, given that the hydrology shapes the habitat. The following
section describes the multiple tests performed to determine the relation between

water-depth, velocity and the habitat for the fish community in this tropical wetland.

6.3.1 Steps for habitat index construction

1. Calculation of the habitat index was based on a general rule obtained from
literature of the natural behaviour of fish in the study area. Some key aspects
explored include seasonal behaviour, spawning, food availability and
inundation area fluctuations. Field information and expert knowledge was
used to validate this information. In situ measurements of water depth and
velocity were compared with literature values to assess the distribution and
habitat preferences of the overall fish community. As a result, response curves
(knowledge rules) for these two variables were derived (Figure 6-5).

2. A dynamic HABITAT modelling tool was built with the MATLAB toolbox
(Figure 6-6).

3. The habitat suitability was evaluated by relating in situ measurements of
water depth and flow velocity from sampling years 2011 and 2012 with the
results of the 2D hydrodynamic model (Delft3D-FLOW). Furthermore,
extreme conditions (dry and wet years), and minimum and maximum
historical conditions were also modelled to account for natural variability.

4. Output maps of water depth and velocity from the 2D hydrodynamic model
(Delft3D-FLOW) were used as input for the dynamic HABITAT model.

5. The wetland was divided into five areas considering the influence of the
boundary conditions and residence times. This division criterion allowed
evaluation of the response of each area according to the influence of each
boundary on the two hydrodynamic variables (water depth and velocity)
(Figure 6-7).
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6. The overall habitat analysis was performed for the total wetland area and for

each area independently.

6.3.2 The habitat index formulation

The habitat suitability index formulation was developed with the following steps:
a) A response curve for water depth and for velocity was developed (Figure 6-5).

b) A ‘Habitat Index” (HI) was calculated independently for water depth (HI-WD)
and for velocity (HI-vel) for each cell of the grid (Figure 6-6). Delft3D-FLOW output
maps of water depth and velocity were combined with their corresponding response
curves (Figure 6-5). Cells with an index > 0.7 were given a value of 1 and considered
for further calculation of the HSI:

Selection of the cells with HI_WD > 0.7:

HI WD >0.7=1
HI WD <0.7=0

Selection of the cells with HI_Vel > 0.7:

HI vel >0.7=1
HI vel < 0.7=0

c) A ‘Combined Habitat Index” (HSI) was calculated for each cell of the grid (Figure
6-5). In this step, the HABITAT model selected the minimum of both HI (HI-WD and
HI-Vel) (Figure 6-6). Thus, the total habitat suitability is the minimum of the results
of both rules (Equation 6-1). The results of the HSI were expressed in terms of
percentages of suitable areas (PSA) with HSI > 0.7. PSA was calculated for each time
step (Equation 6-2).

HSI = Min (HI_WD, HI _vel) Eq (6-1)

S HS =07
k=1

PSA = X100

Eq (6-2)
Where:

HSI= Habitat Suitability Index
n= each cell

N=total number of cells
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Figure 6-5 Response curves for water depth (M1) and velocity (M2). The x axis presents the
variable values: water depth (m), velocity (m/s); the y axis presents the habitat index score
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Figure 6-6 The dynamic Habitat Computing tool. a) Constant range analysis, b) Variable habitat
index (VHI), ¢) Combined habitat index (Comb-HI). Colour bar indicates the Habitat index scale (o:

no suitable 1: most suitable).
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Furthermore, in order to have a large scale and overall HSI for each of the five areas,
a second approach was applied. In this second approach, the cell values of water
depth and velocity of each area were averaged before the calculation of the HI_WD
and HI_Vel. Subsequently, the HSI was calculated in the same way as the previous
approach by selecting the minimum of both. Results of this second approach were
expressed in HSI (with a scale from zero to one), both temporally and spatially. All
the calculations for approach 1 and 2 were performed for the total wetland area, and

also for each of the five areas independently.
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Figure 6-7 Wetland areas delimitation for habitat analysis
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6.4 Results

The two different approaches introduced above were evaluated to explore the habitat
suitability conditions of this tropical wetland. Results of the first approach are
expressed in terms of percentage of suitable areas (PSA) with a HSI above 0.7
(sections 6.4.1 to 6.4.3). The second approach evaluated the wetland in terms of HSI
scores (sections 6.4.4 to 6.4.6).

6.4.1 Natural variability of suitable areas

The analysis started by evaluating the temporal distribution of the percentage of
suitable areas (PSA) with a HSI above 0.7 (first approach). Different hydrological
years were simulated to describe the natural variability. Results described a high
variation in terms of suitable areas depending on the hydrological conditions. During
a dry year, the percentage of suitable areas for fish was up to 40% of the total
wetland area, increasing to around 70% during wet years and for the historical
maximum. Sampling years 2011 and 2012 were between both extreme conditions,
with 2012 presenting higher percentages of suitable areas (up to 60%) compared to
2011 (up to 50%). Minimum and maximum values provided the limits to describe the
historical thresholds that the wetland had experienced. The simulation of the
minimum time series shows that historically the wetland had always provided at
least a 25% of suitable area even in this extreme condition. For all conditions, higher
percentages of suitable areas occurred during the wet season (January-May) (Figure

6-8).
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Figure 6-8 Temporal distribution of the Percentage of suitable wetland area (PSA) with Habitat
suitability index (HSI) > 0.7. For: sampling years (2011 & 2012), compared with extreme dry and
wet years (1990&1998), and minimum and maximum historical conditions (period 1962-2010).
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6.4.2 Contribution of each wetland to the total wetland suitable area

Figure 6-9 illustrates the contribution of each of the five areas to the total wetland
area with a HSI > 0.7. From the results, it can be seen that the areas 1 and 2 are the
ones with a higher contribution, while the rest of the areas contribute less. The
proportion of this contribution is maintained throughout the years analysed. The
timing, at which the maximum of suitable areas occurred during the wet season,

differed between years. For example, in 2011 it occurred during March and April,
and in 2012 in February and March.
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Figure 6-9 Contribution of each wetland area to the total wetland area with HSI > 0.7. For
sampling years (2011&2012) see upper panel, dry and wet (1990&1998) see middle panel, and for
Historical minimum and maximum conditions (1962-2010) see lower panel. The sum of the five
areas equals the total wetland area (dashed black line). Months: January (1) to December (12).
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6.4.3 Independent analysis of the PSA per area

Each of the five wetland areas was also analysed independently in terms of
percentage of suitable areas (PSA). For this analysis, each area was compared to its
own total area. Figure 6-10 illustrates the temporal pattern of each area for sampling
years 2011 and 2012. From the analysis, it is shown that areas 1 and 2 are the ones
with higher percentage of suitable areas (HSI > 0.7), with percentages up to 70% and
50% in 2011, and 80% and 65% in 2012, respectively. Wetland area 3 showed an
intermediate pattern during both years, with percentages around 45% in 2011 and
60% in 2012. Lower percentages were observed for areas 4 and 5. Area 4 showed
values around 30% in 2011 and up to 40% in 2012, showing a clear separation from

area 5 in 2012, while in 2011 both areas followed a similar pattern.
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Figure 6-10 Percentage of suitable area (PSA) with a Habitat suitability index (HSI) > 0.7 for each
wetland area. Sampling years 2011 & 2012. Months: January (1) to December (12).
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6.4.4 Natural variability of HSI

The second approach of this chapter analysed the wetland in terms of HSI scores.
Like in the first approach, different hydrological years were simulated to evaluate the
natural variability of the index. The dry year maintained an HSI score of 1 from
February till May, decreasing to 0.5 from July on. On the other hand, a wet year (El
Nifio) maintained a HSI of 1 for a longer period, decreasing slightly to 0.8 from
September on till December. Sampling years 2011 and 2012 reached the maximum
score in the months of March-April and February-March, respectively. The year 2011
followed a similar trend of a dry year, with values around 0.5 during the dry season.
Extreme scenarios indicated that during maximum conditions the wetland can
maintain a HSI of 1 during the whole year. The time series for Minimum Historical
illustrates that in the most unfavourable conditions, the HSI score in the wetland is
around 0.4 (Figure 6-11).

HSI
T T T T T T
1 !Llllll .__"lllll CLLTERTE T IE LR T TE DR ORI TR T EE R LT swsannnn MNhisto
: wreveeese 1000 (dry year)
bt 2011
aek sesssns 2012
T ] I N I e 1898 (wet year)
Q7 \ s e, ol | memswnune MAXhisto
_ 08l *, 1
? ,
03 ’.’o -----------------------------------------------
0.4 [ ... B L Ll T LETTT T .l
03 i
0.2
01 a
U 1 1 1 | 1 1 1
0 1 2 3 4 5 <] T 8 9 10 1 12
Months

Figure 6-11 Temporal distribution of the Habitat suitability index (HSI). For: sampling years (2011 &
2012), dry year (1990), wet year (1998), and minimum and maximum historical conditions (period
1962-2010). Months: January (1) to December (12).
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6.4.5 Independent analysis of the HSI per area

The five wetland areas were also analysed independently in terms of their individual
HSI scores. Figure 6-12 illustrates the temporal pattern of HSI in each area for
different hydrological conditions. From this analysis, areas 1 and 2 were again seen
to be the ones with higher HSI scores; area 3 exhibited intermediate scores, while
areas 4 and 5 had the lowest ones, for all simulated conditions. During a dry year, a
clear separation between the areas was observed over the whole simulation period,
while during a wet year this separation was only evident during the dry season
period. The maximum historical condition displayed a constant highest score of 1
during the whole simulation, with the exception of areas 4 and 5 that slightly
decreased to 0.9 during August. Interesting to see was that higher scores for areas 1
and 2 were also reached during the minimum historical simulation. Overall and from
a temporal perspective, all wetland areas reached higher scores of HSI during the

wet season period.
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Figure 6-12 Temporal distribution of Habitat suitability index (HSI) for each wetland area (colour
lines), and total wetland area (dashed black line). For: sampling years (2011 & 2012), dry year
(1990), wet year (1998), and minimum and maximum historical conditions (period 1962-2010).
Months: January (1) to December (12).
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6.4.6 Spatial and temporal variation of HSI

Figure 6-13 displays the spatial and temporal variation of the habitat suitability index
(HSI) for the different hydrological conditions. During the first six months of a WET
year (El Nino year - 1998), all areas reached a HSI of 1, and were > 0.6 even during
the dry season. The Maximum Historical showed a constant HSI above 0.9 during the
whole year for all the areas. Overall, spatial HSI results for simulations 1990, 2011,
2012 and Minimum Historical described areas 1 and 2 as the ones with higher HSI
scores (even during dry season (> 0.6), while Areas 4 and 5 were the ones with the
lowest HSI scores (HSI values < 0.5 during the dry season). Area 3 presented
intermediate HSI values. These results are suggesting that wetland areas 1 and 2 are
the ones that provide better conditions for fish. Since wetland areas 4 and 5 showed
lower HSI scores, these areas may require special attention in terms of management.
Temporal pattern of HSI (for all simulations) defined the wet season period
(February to April), as the key period providing suitable habitat conditions for the

entire fish community of Abras de Mantequilla wetland.
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Figure 6-13 Spatial and temporal distribution of Habitat suitability index (HSI). For: sampling years
(2011 & 2012), dry year (1990), wet year (1998), and minimum and maximum historical conditions
(period 1962-2010). Months: top left (January), low right (December). Colour bar indicates the
Habitat index scale from o (no suitable in red) to 1 (most suitable in dark green).
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6.5 Discussion

6.5.1 The habitat index approach

This study described a methodology to evaluate the temporal and spatial distribution
of habitat suitable areas for the overall fish community of the Abras de Mantequilla
wetland. The response curves in the present study were developed with the aim to
include the overall fish assemblage (for littoral and pelagic / limnetic). The criteria for
the development of these rules were based on field sampling and literature for the
littoral fish community, while for the pelagic community literature was the main
source. Both communities utilize shallow littoral areas, the first ones as habitat
during their entire life period, and the second one mainly to protect their eggs after
spawning. Thus, a general criterion requiring 1 meter of water depth was assumed to
be optimal in combination with velocities not higher than 0.2 m/s. Small littoral fish
from the Characidae family were collected during both sampling campaigns in
shallow littoral areas up to 1.5 m, combined with velocities not higher than 0.2 m/s.
These hydrodynamic values are in agreement with the findings of other studies of
Neotropical Characids about their habitat, distribution and feeding ecology (Casatti
et al., 2003; Ferreira et al., 2012; Maldonado-Ocampo et al., 2012; Teresa and Casatti,
2013) and suggest both variables to be good predictors of community structure and
species abundance (Teresa and Casatti, 2013). Regarding the influence of both
hydrodynamic variables, results of the HI for water depth (HI-WD) and velocity (HI-
Vel), showed that HI-WD was the main variable driving the habitat suitability index
(HSI).

6.5.2 Percentage of suitable areas

The findings revealed a high natural variability of the percentage of suitable areas
(PSA) depending on the different hydrological conditions simulated. Thus, from a
historical perspective, the results showed that the wetland can provide a range
between 25-70 % of suitable area (given the response curves implemented for this
study). These limits can be used as minimum and maximum thresholds for
management purposes. Regarding temporal patterns, results obtained for the wet
season period (January-May) are the ones with a higher percentage of suitable areas
(PSA) for all simulations. Nevertheless, during extreme wet conditions, a higher PSA
was also observed during what can be considered normal for the months of the dry
season period. The spatial analysis described the areas 1 and 2 as the ones providing
more suitable habitat conditions and contributing with higher percentages to the
total wetland habitat suitability. These areas are the ones that best fulfil the

conditions described by the response curves. Local physical characteristics of these
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areas, like topography and proximity of the main inflow (Nuevo River) appeared to
be the main drivers of the results. This is in agreement with the higher catch per
effort for fishing activities reported in San Juan de Abajo (Florencio, 1993). This
location belongs to Area 1 of our study (low wetland area). On the other hand, the
areas 4 and 5 related to the Upper Chojampe inflows were the ones with a lower
percentage of suitable areas. In these areas, the main source of water is related to run-
off, and not to river inflow. Thus, these areas will require specific management

measures in the future, in order to maintain their inflow contribution.

6.5.3 HSI scores

When the wetland was evaluated in terms of HSI scores, a similar pattern was
observed for both spatial and temporal results. Higher HSI scores were obtained for
areas 1 and 2 despite their hydrological conditions, and in general the months
corresponding to the wet season period were the ones exhibiting higher scores for all
simulations. From a historical perspective, and considering the whole wetland area,
HSI scores were not lower than 0.4 even in the most unfavourable conditions

(Minimum Historical).

6.5.4 Temporal availability of suitable areas

The temporal availability of suitable areas plays an important ecological role in the
basin, since the majority of fish in the Vinces River and associated floodplains exhibit
one reproductive cycle per year. At the end of the dry season, several fish species
have a mature state ready for spawning (Barnhill and Lopez, 1974). These species
usually have a high fecundity (high number of eggs to assure adequate
repopulation). However, there are also species like Aequidens rivulatus (Vieja Azul)
and Cichlasoma festae (Vieja roja), that spawn during the transition periods between
wet and dry season, and others like the Brycon dentex that has been reported in
mature stages also during the dry season (Barnhill and Lopez, 1974). Thus, both
seasons are important but for different species, and therefore it is important to
maintain the natural timing of inflows as a management measure for the AdM river-

wetland system.

6.5.5 Littoral areas and vegetation

Several studies acknowledged the importance of littoral areas as habitat for fish
communities (Arrington and Winemiller, 2006; Teixeira-de Mello et al., 2009), and the
association of fish to the macrophytes (Agostinho et al., 2007; Meerhoff et al., 2007a;
Meschiatti et al., 2000). Shallow areas of the AdM wetland are predominantly
populated by small sized fish from the Characidae family (Alvarez-Mieles et al.,
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2013). Characids are an important source of food for higher trophic levels (top fish
predators that have a value for local communities) and important seed dispersers in
Neotropical floodplains. Previous studies in the wetland and associated ‘Guayas
River basin’ reported the presence of this family (Florencio, 1993; INP, 2012; Laaz et
al., 2009; Prado, 2009; Prado et al., 2012). Some species of this family are common in
all western basins of Ecuador (Gery, 1977; Glodek, 1978; Laaz et al., 2009; Loh et al.,
2014), but others are endemic of the ‘Guayas Basin' (Laaz and Torres, 2014; Roberts,
1973). However, information about the ecology or the evolutionary history of most

fish species in the region is very limited and even lacking (Aguirre et al., 2013).

Littoral fish assemblages in AdM included both common and endemic species. At the
middle and lower wetland areas endemic species like Phenacobrycon henni, Landonia
latidens, lotabrycon praecox, Hyphessobrycon ecuadoriensis were collected, indicating the
importance of actually assessing the habitat conditions in this tropical wetland.
Furthermore, the wetland provides a habitat for fish of commercial interest for local
communities: Aequidens rivulatus, Cichlasoma festae, Curimatorbis boulengeri, Brycon
dentex, Ichthyoelephas humeralis. These species have been collected in the main
channels of the wetland, and move freely in the pelagic areas, but also utilize littoral
vegetated areas, to protect their eggs after spawning (Barnhill and Lopez, 1974;
Florencio, 1993; Quevedo, 2008; Revelo, 2010).

During fish sampling, another important characteristic that was observed in the
littoral areas of the AdM wetland was the presence of associations of aquatic
macrophytes. Floating macrophytes from the species Eichornia crassipes
(Pontederiaceae), commonly known as ‘water hyacinth” represented around 80% of
the total macrophytes biomass in the wetland. Salvinia auriculata, Pistia stratiotes,
Ludwigia peploides, Lemna aequinoctialis, Paspalum repens, and Panicum frondescens
represented the other 20%. Thus, sampling results confirm the findings of other
authors (Agostinho et al., 2007; Meerhoff et al., 2007a; Meschiatti et al., 2000), that
recognized the association of small size species from the Characidae family to
macrophytes banks that colonize littoral shallow areas and their essential role as
shelter and food provider. Since juvenile and adults stages of small size species and
eventually also juveniles of larger species are typical in macrophytes banks present in
lentic shallow habitats (Meschiatti et al., 2000), their shelter role to protect small fish

from higher predators plays an important role.

Shallow areas are also important for the pelagic community. Pelagic species such as
Aequidens rivulatus (Vieja Azul) and Cichlasoma festae (Vieja roja), both typical of this

wetland area, utilize the littoral areas mainly during and after spawning. These
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species present a high parental care after spawning because they produce a low
number of eggs (Barnhill and Lopez, 1974). This is contained in the general criterium

of defining the water depth optimal from 1 meter onwards.

6.5.6 Fish studies in the AdM wetland and associated basin

A study about biological aspects of the fish community in the basin revealed that
70% of the specimen sampled during the months of January to March reported an
advanced stage of sexual maturity (stages III to V) (Revelo, 2010), while the rest of
the specimen were already in stages of post spawning (I and II). When the analysis
becomes more specific per species, the timing of mature stages differed slightly
between the months of the wet season. For instance, Brycon dentex (Dama) reported
a higher number of specimen with an advanced mature stage in January (III, IV and
V), while in February and March immature stages were more frequent, indicating
that the spawning probably occurred between January and February. Ichthyoelephas
humeralis (bocachico) was reported in advanced mature stages (III and IV) during
January and February. Other species of less commercial interest like Hoplias microlepis
(Guanchiche), were reported in mature stages during the first 3 months of the year
(Jan-March), and immature during April. Aequidens rivulatus (Vieja azul) was
reported in advanced maturity stage (III, IV ad V) during January and February, and
had immature stages in April and May. In addition, a smaller percentage of
immature specimens were reported during October and November, possibly
explaining that this species has two reproductive cycles per year. Curimatorbis
boulengeri (Dica), reported advanced mature stages during February, and immature
stages during March and April (Revelo, 2010). The last one is confirmed by the
sampling performed during the present research where small immature specimens of

Curimatorbis boulengeri were collected during March 2012.

All these findings provided the evidence that the wet season and associated high
flows, represents an important period for the development and increase of the fish
population in the study area, which is consistent with findings of other tropical
systems that acknowledge the importance of high flows and floods in supporting the
gonadal maturation of fish (McClain et al., 2014).

Fishing activities in the wetland occurs during 10 moths over the year, but starts
usually at the end of the wet season (Florencio, 1993). Local farmers from El
Recuerdo village have also reported the catch of bigger size fish during the dry
season (T. Estrella, pers comm, 2016). They mentioned that they wait until the sizes

are big enough to catch them in order to allow the growing of the fish population. In
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this regard, there is also a regulation in Los Rios Province that establish a ban (‘veda’)
for fishing activities from January 10 till March 10 (Revelo, 2010).

The information in Chapter 4 about biotic communities structures determined that
although the different areas of the wetland share similar fish species from the
Characidae family, there were species that seem to typify middle areas where higher
residence times take place. Other species typified the lower area, which is an area
influenced by the dynamics of the river inflow, while other species typified the river
itself. These findings at species level can provide the basis for future research on the
construction of new rules and habitat assessment at a lower taxonomic level for the

fish community in this tropical wetland.

6.5.7 Overall findings

The present study is the first attempt in providing an assessment of the temporal and
spatial variability of suitable habitat areas for the fish community in Abras de
Mantequilla wetland. Results indicate how hydrodynamic variables can facilitate the
definition of suitable habitat areas in this wetland, both in terms of PSA and HSI
scores. The study describes areas with HSI > 0.7 as optimal habitat for the entire fish
community. In this study, wetland areas with HSI >0.7 were described as an optimal
habitat for this fish community. However, areas with a HSI <0.7 can not necessarily
be considered as uninhabitable. One of the limitations of the approach followed here
is that the rules were developed for the whole fish community, rather than for
specific species. For this, more extensive sampling in the area is required to measure
the habitat preference of different species. Still, the present methodology can provide

an initial basis for future habitat assessments of specific fish communities in the area.

The combination of hydrodynamic variables was useful for an initial habitat
assessment of the fish communities in this wetland. However, should be
acknowledged that other physical, chemical and biotic variables play an important
role in defining the habitat preferences and therefore should be gradually included
for an integrated ecological habitat assessment. The habitat tool developed in this

study is quite flexible for adding more variables and their correspondent rules.

The high flow phase of the wet season was recognized as the period with a higher
percentage of suitable areas and HSI scores for all the simulated conditions. Spatial
zonation defined the areas close to the main inflow as the ones providing better
habitat conditions, and areas related to Chojampe subbasin as the ones that will

require special attention in terms of management measures.
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Based on the results of this study, it is recommended to maintain the timing and
magnitude of the natural flows especially during the periods with higher percentage
of suitable areas (high flows of the wet season), since this period is crucial to foment

the spawning and development of the fish community in the AdM wetland.
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7.1 Sustainability of the AM wetland hydrodynamics

Based on the results of previous chapters containing data and model results, an
assessment can be made for Abras de Mantequilla wetland in terms of sustainability.
The Abras de Mantequilla (AdM) wetland is subject to two major environmental
disturbances i.e. (i) an infrastructure project located in the upper catchment of the
Quevedo-Vinces River (construction of the Baba dam), and (ii) short term enhanced
agriculture inside the wetland area. Initially DAUVIN, a water transfer project
(ACOTECNIC, 2010), was also expected to have an impact on the wetland. However,
because its design follows the old river path of the Nuevo River that does not
interfere with the current flows entering and leaving the wetland, this project has

neither positive nor negative effect on the system (Arias-Hidalgo, 2012).

In order to achieve sustainable solutions for AdM wetland, management options
should focus on maintaining natural variation in hydrodynamic conditions
throughout the entire catchment, as well as implement good practices in agriculture
and reforestation using native species. Local and national authorities should support
continuous monitoring programmes, taking account of seasonal variation and of
future impacts from flow reduction and nutrient enrichment. (Alvarez-Mieles et al.,
2013).

The wetland functioning was seen to mainly depend on the Nuevo River which
determines the timing and magnitude of the inundation patterns. Since the Nuevo
River is diverted from the Vinces River, it is expected that the effect of the Baba dam,
located in the upper Vinces River catchment, may reduce the Nuevo River flow.
Previous research in the study area determined that the dam operation might reduce
the flow of the Vinces River immediately down the dam by about 70%. Nevertheless,
due to the contribution of the two rivers Lulu and San Pablo, the Vinces River is
expected to recover in the downstream section and the final annual reduction of
flow may be about 30% (Arias-Hidalgo, 2012; Arias-Hidalgo et al., 2013). Although
this reduction may affect the overall hydrodynamic pattern, the analysis of historical
minimum flows indicated that the wetland has experienced even lower values than
the ones that could be attributed to the dam operation that started during the period
2012-2013.

AdM wetland is a system that experiences a marked and strong seasonal variations
in flushing rates, and as a result, in inundation areas. During the wet season
(January-April), the system exhibits a great variability in inundation area due to the

rainfall peak events during a given year (intra-annual), and inter-annual rainfall
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variability. During the dry season, the wetland decreases dramatically and water
remains only in the main channels (observations in situ), and with a similar pattern
from year to year. Thus, AdM wetland can be classified as a temporary wetland with
a predictable pattern (Brock et al., 2003).

Usually, longer dry periods can affect aquatic biota. The impact of drought on the
biota is influenced by factors such as previous hydrological history (system used to
dry recurrently), the timing of this drying period, and availability of refuges for the
biota during the dry period (Boulton, 2003). Longer-lived pools and even the main
river/wetland channel can also serve as refugia. Aquatic communities of temporary
wetlands have several mechanisms to survive the dry periods. For instance,
zooplankton and aquatic plants are known to rely on their egg and seeds as an
instrument to survive the dry periods, and being able to recover after these dry
periods by patterns of dormancy, hatching, germination, establishment and
reproduction (Brock et al., 2003). Macroinvertebrates survive dry periods by
sheltering below cobbles, debris, or among macrophytes, while other penetrate the
hyporheic zone (Boulton, 2003). The availability of refugia is crucial for the survival
of some aquatic biota, providing the capacity to recover from the droughts once they
pass (Lake, 2003). For fish, droughts lead to (i) a reduction in the surface
area/volume, and (ii) an increase in physicochemical extremes. These abiotic
disturbances increases biotic interactions such as competition and predation, which
in turn also leads to an increase in mortality, migration and a decline in birth rates
(Magoulick and Kobza, 2003).

There is also a difference between seasonal droughts, e.g. predictable dry periods in
tropical areas), and the supra-seasonal droughts that are '"unpredictable’. This
distinction is crucial because a 'seasonal drought' is simply an extreme of the
hydrological pattern of a specific water system, with perhaps littler impact on the
occurrence of biota, even if having a major effect on the relative abundance of species
(Lake, 2003). Natural droughts also cause a temporal variety of habitats and diversity
in aquatic environments (Boulton et al., 2000). Nonetheless, many ecological
responses depend on the timing of hydrological transitions across certain thresholds
(Boulton, 2003). Furthermore, droughts have not only 'direct' impacts (reduction of
flow and habitat), but also indirect impacts such as predation, competition among
species (Lake, 2003).
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From the previously exposed about how species can adapt to 'predicted seasonal
droughts', it is possible to presume that the aquatic species at AdM wetland are
already adapted to the seasonal dry period occurring from May to December. Thus,
the sustainability of the AdM wetland system will depend on the maintenance of the
wet-dry cycles under the range that the system has experienced historically, as

explained in Chapter 2.

The application in this thesis of the hydrodynamics model DELFT3D-FLOW was
provides with an indication of how this tropical river-wetland system works and
how the magnitude of the inflows that the system has faced historically, can be
expected under future conditions, depending on effects of dam operation and climate
change. This way of numerical modelling allows exploring water system functioning
under extreme limiting conditions and evaluating the response to changing
conditions. Such results provide with a basis for assessing this tropical river-wetland
system in terms of altering hydrodynamic conditions that in turn influence the
nutrients and plankton. The temporal and spatial patterns of nutrients and
chlorophyll-a in AdM (Chapter 5), identified nitrogen as the limiting nutrient in the
system, and intermediate in terms of trophic status. Furthermore, hydrodynamics
outputs provided also with the basis for setting a habitat model for fish (Chapter 6),
suggesting which could be the important periods during the year that flows should
be maintained, and also the identification of which areas require special attention for

future management.

An integrated mass balance analysis for nutrients components and primary
production was applied for this wetland in order to evaluate the system on a 'yearly'
basis. A yearly basis could provide with a useful approach to see the system in terms
of overall productivity. This mass balance analysis was possible by integrating
sampling results and the outputs from the eco-model application (Chapter 5).
Relevant processes and associated fluxes for nutrients and primary production are
also quantified. Section 7.2 shows overall yearly balances of nitrogen and
phosphorus, and evaluate the possible contribution of internal loads versus external
loads in this system. Section 7.3 evaluates a mass balance for primary producers.
Comparison with other water systems and further analysis is presented in sections
7.4 and 7.5.
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7.2 Mass balances of nutrients

Annual mass balances of nutrients in AdM wetland system were evaluated for the
different hydrological conditions described in chapters 2 and 5. Output files (.bal)
from the ECO-model (Chapter 5) containing annual mass balances information for
each variable were used to calculate the mass balance for each hydrological condition
Mass balances for Total Nitrogen and Total Phosphorus were evaluated within this
thesis in order to quantify the magnitude of external loads, internal loads, and

relevant processes and fluxes associated to both nutrients ( Figure 7-1 & Figure 7-5).

7.2.1 Total Nitrogen (TN)

Results of yearly nitrogen mass balances determined that external loads (Total inflow
+ diffusive waste NOs) entering the wetland system has been in the order of 51
gN/m?/year for a dry year, and up to 144 gN/m?/year for El Nino year, thereby
increasing about three fold from dry to wet conditions. When also extreme scenarios
(MINhisto and MAXhisto) were included this range was wider, increasing up to ten
times (24-266 gN/m? year). Nitrate concentrations in the wetland are low (Chapter
3), thus these mass balances results are mainly driven by the organic fractions of

nitrogen.

The main external source of N was the Nuevo River for all conditions. As explained
in data (Ch3) and modelling (Ch5) chapters, the organic nitrogen fraction was the
main component of total N, especially during periods of high inundation (sampling
of 2012); while nitrates concentrations were usually low and in the range of the ones
suggested in the paper by Meybeck (1982) for unpolluted tropical waters (Meybeck,
1982) .

Internal loads were not higher than 11 gN/m? and, therefore, seemed to not represent
a major source for the system (Figure 7-1 & Figure 7-8). Denitrification in water was
almost negligible and total denitrification (water+sediment) was low, most likely due
to the oxygenated conditions of the system (Figure 7-1). As a result, the modelled
denitrification flux (water+sediment) was not higher than 9% of the external loads.
Despite these low percentages, a particular decreasing pattern from driest to wettest
conditions is suggested. Thus, driest conditions showed higher percentages,
suggesting that, although denitrification in water was almost negligible, total
denitrification processes (water+sediment) appeared to be more relevant during

years of low inflows (Figure 7-2).
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Figure 7-1 Total Nitrogen mass balance for one year simulation and entire wetland area (Units:
gN/m?’lyear). Inflows, outflows and main processes depicted for the different hydrological
conditions and sampling years 2011 & 2012.
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Storage (accumulation) in the water and sediment compartments was not important
with values close to zero (Figure 7-1), indicating that the system shows features of
dynamic steady state system (Smits and van Beek, 2013). Outflow of nitrogen was
always over 90% of the inflows for all the conditions, indicating a very dynamic
system with high flushing patterns (Figure 7-1). Total N settling (N in algae +N in
detritus) appeared to be higher during wettest conditions (up to 16 gN/m?/year)
(Figure 7-3). The relative importance of each settling component was calculated
(Figure 7-4). Results suggest that the proportion of N settling as detritus was higher
in five of the conditions simulated; especially during wettest conditions.
Furthermore, two of the wettest simulations (1998 and MAXhisto) showed a lower
proportion of nitrogen settling as algae (Figure 7-4), perhaps suggesting that algae
may be subject to more consumption by grazers during wettest periods and therefore

the nitrogen settling as algae is lower.
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Figure 7-2 Total denitrification (water+sediment) with respect to external loads (%). Brown bars
(driest conditions); blue bars (wettest conditions); light orange with dashed lines (sampling years
2011& 2012).
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Figure 7-3 Total Nitrogen settling (N in algae+N in detritus) in gN/m?/year. Brown bars (driest
conditions); blue bars (wettest conditions); light orange with dashed lines (sampling years 2011&
2012).
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Figure 7-4 Relative importance (%) of: a) N in algae settling and b) N in detritus settling; both
versus Total N settling. Brown bars (driest conditions); blue bars (wettest conditions); light
orange with dashed lines (sampling years 2011& 2012).

7.2.2 Total Phosphorus (TP)

Results of yearly phosphorus mass balances suggest that external loads (total inflow)
entering the wetland system has been in the order of 3 gP/ m?/year for a dry year and
up to 10 gP/ m?/year for El Nifio year. Thus, possibly three times higher from dry to
wet years. When also extreme scenarios (MINhisto and MAXhisto) were evaluated
this range appeared to be wider (2 to 18 gP/ m?/ year). For all conditions, the main
external source of P was the Nuevo River. Internal loads were not higher than 0.9 gP/
m? (Figure 7-5 & Figure 7-8). Similar to the nitrogen balance, storage in water and
sediment appeared to be not important, and the P outflows were over 93% of the P
inflows; possibly indicating a highly dynamic system (Figure 7-5). Total P settling (P
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in algae + P in detritus) was also higher during wettest conditions (up to 1.4 gP/
m?/year) (Figure 7-6). The proportion of P settling as detritus was also higher in five
of the conditions simulated; and the proportion of phosphorus settling as algae was
also lower during the wet simulations (1998 and MAXhisto) (Figure 7-7).
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Figure 7-5 Total Phosphorus mass balance for one year simulation and entire wetland area (Units:
in gP/m’/year). Inflows, outflows and main processes depicted for the different hydrological
conditions and sampling years 2011 & 2012.
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