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Summary

Forest evaporation (E) is considered the main source of water vapor at a continen-
tal scale. Its quantification has been carried out in many ecosystems worldwide,
applying the classical partitioning method to differentiate among sources of water
vapor. This partitioning differentiates between transpiration (E;), soil evaporation
(E¢), water intercepted by plant and ground surfaces (E;), and open water evap-
oration (E,,) in flooded forests and mangroves. The partitioning of evaporation
has been carried out by applying different methodologies such as eddy—covariance,
conventional micro—-meteorological measurements, stable water isotopes, and the
combination of some of these methodologies. However, the classical partitioning
approach can have large uncertainties in specific forest ecosystems as a conse-
quence of the canopy structure. Instead, including canopy structure into the evap-
oration partitioning allowed us to better understand this flux. Forest canopy struc-
ture is difficult to assess and is determined by latitude, altitude, water availability,
and growing stage of the forest. However, using the canopy layering (overstory,
understory, ground layer and forest floor layer) we can assess the contribution from
the structural point of view.

Forest succession is one factor affecting the classical partitioning in Tropical De-
ciduous Broadleaf Forest. Using cumulative daily collectors in three different stages
of Tropical Dry Forest in Costa Rica, we were able to depict how the increment in
forest complexity affects the interception of precipitation. Also, the Plant Area In-
dex was the only structural parameter significantly correlated with the estimates of
both, interception and effective precipitation. The capacity of the other parameters
(e.g., tree densities, tree heights, number of species) was not enough to describe
the effect of a growing forest on the interception of precipitation.

Tropical forests with less water stress during the dry season allocate more
biomass to their canopies. This increases the forest complexity in terms of the
number of species, canopy height, and plant types. Tropical Evergreen Broadleaf
forests have a more complex canopy structure than the Deciduous ones. The trop-
ical wet forest in Costa Rica has a canopy of 45m height and a large number of
plant species including trees, lianas, palms and bushes that provide a completely
different canopy structure than mono-specific forests. Here, we were able to de-
fine three canopy layers according to canopy height (overstory, lower and upper
understory) and monitor the evaporation process during one dry season. Applying
conventional micro—meteorological measurements we were able to determine that
the lower and upper understory layers contributed 9% and 15 % of the evapora-
tion, respectively. Meanwhile, the use of water stable isotopes did not allow us to
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xii Summary

determine the contribution of transpiration using the keeling plot method. How-
ever, the signatures of the stable water isotopes allowed us to determine that the
source of water used by the plants depends on its type (liana, tree, palm or bush).
Also, we quantified the evaporation during precipitation events as one third of the
amount measured during dry sunny days. The proportion did not change during
rain events per canopy layer. This water vapor was produced by the “splash droplet
evaporation” process, that together with the energy convection and low air temper-
ature produced the visible vapor plumes. We were able to identify the conditions
during which the visible vapor plumes can be spotted. These conditions are the
presence of precipitation, air convection, and a lifting condensation level at the top
of the canopy with values lower than 100 m.

Plants growing in arid environments developed strategies that help them to cope
with the scarcity of water. Usually, these plants grow lumped in patches and the
introduction of tree species to fight desertification changed the landscape introduc-
ing a forest—like land cover. In a Temperate Shurbland in China, we evaluated the
effect of Willow trees (Salix matsudana) and Willow bushes (Salix psammophila) on
the soil water after summer. Using stable water isotopes we identified the redistri-
bution of groundwater beneath the plants through the hydraulic lift process.

Mono—specific forest ecosystems such as the Temperate Evergreen Needleleaf
Forest may modify the micro—meteorological conditions beneath their canopies. In
Speulderbos, we monitor the evaporation process through eddy—covariance and
stable water isotope techniques in a Douglas—Fir (Pseudotsuga menziesii) stand.
Also, the evaporation process in the forest floor layer was analyzed in detail under
laboratory conditions. Different forest floor layers evaporates up to 1.5 mmd=1, dif-
fering from field conditions, where the evaporation from these layers do not exceed
the 0.2 mmd~1. This evaporation, represents only the 5.5 % of the total measured
during the monitoring period. However, there is no evidence that the forest floor
evaporation move upwards to contribute to the total evaporation measured above
the overstory. This was confirmed by the eddy—covariance footprint and stable
water isotopes signatures of the air measured continuously on the forest. Finally,
the partitioning of evaporation based on canopy structure is suitable for complex
ecosystems with a large number of species and a multilayered canopy. This leaves
the classical partitioning for more homogeneous ecosystems where it can be carried
out with a smaller monitoring investment.



Samenvatting

Verdamping door bossen wordt beschouwd als de hoofdbron van waterdamp op
continentschaal. Deze verdamping is wereldwijd gekwantificeerd in vele ecosyste-
men, en opgesplitst in verschillende bronnen door middel van de klassieke partitie-
methode. Hiermee kan onderscheid gemaakt worden tussen transpiratie, bodem-
verdamping, interceptieverdamping, en openwaterverdamping in overstroomde bos-
sen en mangroves. Verdamping is met verschillende methodes gepartitioneerd,
zoals eddy-correlatie, conventionele micrometeorologische metingen, stabiele wa-
terisotopen, en de combinatie van deze technieken. Echter, de klassieke partitie
methode kan een grote onzekerheid hebben in bepaalde bos ecosystemen, van-
wege de structuur van de vegetatie. Door rekening te houden met de vegetatie-
structuur kunnen wij deze verdampingsflux beter begrijpen. De vegetatiestructuur
is moeilijk om te beoordelen, en wordt bepaald door de hoogtegraad, breedtegraad,
waterbeschikbaarheid, en groeistadium van het bos. Met behulp van de vegetatie-
gelaagdheid (hoogste etage, lagere ondergroei, hogere ondergroei, en bodemlaag)
kunnen we de contributie vanuit een structuur oogpunt vaststellen.

Successie is een van de factoren die de klassieke partitiemethode in tropische
bladverliezende loofbossen beinvioed. Met cumulatieve dagelijkse regenmeters in
drie verschillende stadia van een tropisch droog bos in Costa Rica konden wij voor-
spellen hoe een verhoging van boscomplexiteit de regenvalinterceptie beinvioedde.
De plantopperviakte—index was de enige structuurparameter die significant corre-
leerde met schattingen van zowel interceptie als regenval. De andere parameters
(bijvoorbeeld boomdichtheid, boomhoogte, aantal soorten) waren van te weinig in-
vloed om het effect van een groeiend bos op interceptie te beschrijven.

Tropische bossen die minder waterstress ervaren tijdens het droogteseizoen
wijzen meer biomassa aan hun kroonlaag toe. Dit zorgt voor een verhoging in
boscomplexiteit qua aantal soorten, hoogte van de kroonlaag, en soorten plan-
ten. Tropische groenblijvende loofbossen hebben een complexere structuur dan de
bladverliezende bossen. In tegenstelling tot de bladverliezende droge bossen in
Costa Rica, heeft het tropisch regenwoud een complexe structuur, met een kroon-
hoogte van 45m, en een grote hoeveelheid plantensoorten, zoals bomen, lianen,
palmen en struiken. In dit bos konden we drie lagen definiéren aan de hand van
de kroonhoogte (hoogste etage, lagere en hogere ondergroei) en hebben we het
verdampingsproces tijdens één droog seizoen gemeten. Met conventionele mi-
crometeorologische metingen konden we bepalen dat de contributie aan de totale
verdamping van de lagere en hogere ondergroei respectievelijk 9 % en 15 % was.
Met metingen van stabiele waterisotopen en de “keeling plot” methode konden
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we daarentegen niet de contributie van transpiratie bepalen. Echter, de kenmer-
ken van de stabiele waterisotopen maakte het mogelijk om vast te stellen dat de
waterbron per type plant (liaan, boom, palm of struik) verschilt. Daarnaast kwan-
tificeerden we de verdamping tijdens neerslag als een derde van de hoeveelheid
gemeten op droge zonnige dagen. De verhoudingen van de verdampingscontributie
van de verschillende lagen veranderde niet gedurende neerslag. Tijdens regenval
werd waterdamp geproduceerd door het “splash droplet evaporation” proces, wat in
combinatie met convectie en een lage luchttemperatuur zichtbare waterdampplui-
men produceerde. We konden de condities bepalen waarin de pluimen zichtbaar
waren. Deze condities zijn regenval, convectie, en een optillingscondensatieniveau
op 43 m hoogte van minder dan 100 m.

Planten die in een droge omgeving groeien hebben strategieén ontwikkeld om
met waterschaarste om te gaan. Vaak groeien deze planten in kluitjes bij elkaar, en
het gebruik van boomsoorten om verwoestijning tegen te gaan veranderde het land-
schap door de introductie van een bos-achtige bodembedekking. In een gematigd
scrubland in China evalueerden we het effect van krulwilgen (Salix matsudana) en
wilgenstruiken (Salix psammophila) op het bodemvocht na de zomer. Met stabiele
waterisotopen identificeerde we de herverdeling van grondwater onder de planten
door middel van het *hydraulic lift" proces. Monospecifieke bos ecosystemen zoals
gematigde naaldwouden veranderen de micrometeorologische omstandigheden on-
der hun bladerdak. In het Speulderbos bestudeerden we het verdampingsproces in
een Douglasspar (Pseudotsuga menziesii) opstand met behulp van eddy-correlatie
en stabiele waterisotopen. Het verdampingsproces in de bodemlaag analyseer-
den we in detail onder lab condities. Verschillende bodemlagen verdampten tot
wel 1.5mmd™?, in tegenstelling tot de veldomstandigheden waar de verdamping
van de bodemlagen niet groter was dan 0.2 mmd~!. Deze verdamping vertegen-
woordigd maar 5.5 % van de totaal gemeten verdamping tijdens de meetperiode.
Echter was het niet mogelijk om de contributie van verdamping van de bodem-
laag te verbinden aan de evaluatie van de kroonlaag. Dit werd bevestigd door de
eddy—correlatie voetafdruk en de kenmerken van de stabiele waterisotopen van de
lucht. Het partitioneren van verdamping op basis van bosstructuur is geschikt voor
complexe ecosystemen met een grote hoeveelheid soorten en een meerlaags bla-
derdak. Dit laat de klassieke partitiemethode over voor homogenere ecosystemen
waar het uitgevoerd kan worden met een kleinere meetopstelling.



Introduction

The forest covers the landscape
and the raindrops wash its leaves,
as the trees have to breathe

the water can move and leave.
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2 1. Introduction

1.1. Evaporation of forest ecosystems

Water vapor in the atmosphere is maintained by ocean and land evaporation (\Web-
ster, 1994; Wild et al., 2015). This flux is the second largest of the hydrological
cycle, exceeded only by precipitation (Coenders-Gerrits et al., 2014; Miralles et al.,
2011a; Wallace, 1995; Wang et al., 2014). The water vapor originated from con-
tinental environments is recycled in the atmosphere at different time and spatial
scales, giving origin to the 40 % of the worldwide precipitation (van der Ent et al.,
2010). These inland environments have been affected in the last 30 years by strong
changes on the land cover. The tropics had experienced a net reduction on the
tree and shrub vegetation, meanwhile the other regions replaced bare soil covers
for agricultural lands and tree cover (Song et al., 2018). Despite these changes of
land cover and the larger accumulation of ground biomass in mature forests in the
temperate regions respect to the tropics (Liu et al., 2014), tropics are able to ex-
port more than 1000 mmyr~—! as water vapor while temperate latitudes transports
~500mmyr—1 (Miralles et al., 2011a,b; Kumagai et al., 2016).

Evaporation is determined by factors such as soil water availability, plant physi-
ology, atmospheric conditions and tree size or age (Calder, 1998; de Simon et al.,
2017). The access to different water pools such as soil water (Carminati et al.,
2010) or groundwater (Lamontagne et al., 2005; Miller et al., 2010), influences the
growing rates of forest stands and consequently the evaporation from the ecosys-
tem (Tamkeviciuté et al., 2018). Environments with low water availability force
the vegetation to be more efficient using this resource (Poorter et al., 2017; Troch
et al., 2009). While environments with water surplus such as the Amazon forest
are limited by other factors such as solar radiation (Ahlstrom et al., 2017). Also,
the ecosystem complexity in terms of species richness (Forrester, 2015) or pres-
ence of specific plants such as lianas (Chen et al., 2015b) can alter the evaporation
at stand level through the increment of leaf area index (LAI) (Rodriguez-Ronderos
et al., 2016).

The evaporation (E) of any ecosystem (see Equation 1.1) is a mixture of the wa-
ter vapor originated from water bodies (E,,), water intercepted on plant and ground
surfaces (E;), soil water (E) and plant transpiration (E;) (Abtew and Melesse, 2013;
Roberts, 1999; Savenije, 2004; Shuttleworth, 1993; Sun et al., 2016).

E=E,+E +E,+E; (1.1)

Partitioning of evaporation into these components had been applied to multi-
ple ecosystems such as wetlands (Zhang et al., 2017), croplands (Roupsard et al.,
2006; Xiao et al., 2016; Zhao et al., 2015) and forests (Allen et al., 2017; Kang et al.,
2018; Whitehead et al., 1994; Wilson et al., 2000; Sulman et al., 2016). Most of
these evaluations focused on the differentiation of E, from E, where large variations
were observed due to variations on the % of vegetation covers (Wang et al., 2014).
However, the role played by the structure of different forested ecosystems on the

partitioning of evaporation had not been deeply analyzed yet.



1.2. How to approach evaporation partitioning? 3

Evaporation partitioning of forest ecosystems is important in order to determine
its contribution to the forest hydrological cycle (Blyth and Harding, 2011; Scott
et al., 2003). Evaporation contributions from different canopy components depend
on the canopy layers differentiation. However, this differentiation will depend on
the forest type (Leiterer et al., 2015; Tang et al., 2019), forest age (Kalacska et al.,
2004) and species composition (Asner et al., 2015).

1.2. How to approach evaporation partitioning?

The precise estimation of evaporation is critical for improving hydrological models
and water management decisions (Guo et al., 2017). Savenije (2004) remarks the
importance to differentiate between the different evaporation processes, due to its
importance for the way we should model evaporation. This flux is driven by me-
teorological variables such as temperature (T), vapor pressure deficit (VPD), solar
radiation (R), and wind speed (u) (Raghunath, 2006). However, these variables dif-
fer depending on latitude, ecosystem type and structure. Several approaches have
been applied to partition evaporation in agricultural and natural ecosystems (Lauen-
roth and Bradford, 2006; Lawrence et al., 2007b; Raz-Yaseef et al., 2010; Sauer
et al., 2007; Tobon Marin et al., 2000). Evaporation partitioning can be performed
through modelling, direct measurements and the combination of both approaches
(Kool et al., 2014). Method’s selection depends on the research question, forest
type and climate.

The eddy covariance method is used as a standard method to measure land
fluxes as vapour, carbon and energy exchange (Aubinet et al., 2012; Liu et al.,
2011). However, the estimations do not allow the complete understanding of the
evaporation processes beneath the forest canopy. This method does not allow the
energy balance closure with reduced wind velocities (lower than 0.6 ms=1), being
relevant for evaporation estimates (Franssen et al., 2010). Euser et al. (2014) pro-
pose a new method to estimate evaporation based on the Bowen-Ratio method
(Bowen, 1926; Liu and Foken, 2001) and the Distributed Temperature Sensing
(DTS) system (Ukil et al., 2012). The evaluation of this system in an agricultural land
provided some insights of the technique, while its application in more complex land
covers as forest ecosystems started to be tested (Schilperoort et al., 2018). Canopy
energy storage is a significant component of the surface energy budget (Haverd
et al., 2007) and its quantification at forest level will improve the energy balance in
complex ecosystems (Coenders-Gerrits et al., 2020; Lindroth et al., 2010); allowing
a better estimation of the ground heat flux to estimate the evaporation through the
Bowen-Ratio method.

The accurate quantification of evaporation fluxes requires the rainfall intercep-
tion partitioning into canopy, stem, and litter interception (Carlyle-Moses and Gash,
2011; Crockford and Richardson, 2000; Gerrits et al., 2007, 2010; Gerrits and
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Savenije, 2011; Gupta and Usharani, 2009; Schaap and Bouten, 1997; Staelens
et al., 2008; Tobon Marin et al., 2000; feng Zhang et al., 2015), while the transpira-
tion is an important parameter that is influenced by layering vegetation, physiology,
and seasonality (Granier, 1987; Kunert et al., 2012; Tyree, 2003).

Nowadays, a wide range of tools to follow water from its source is available.
Some techniques as dyes (Hu et al., 2013; Lichner et al., 2011; Salvador et al.,
2011), electric conductivity (Cirpka et al., 2007; Vogt et al., 2010), ion concentra-
tions (Capell et al., 2011; Speed et al., 2010), and isotope signatures of different
elements (Feng et al., 2013b; Lu, 2014; Rice and Hornberger, 1998; Speed et al.,
2010; Visser et al., 2013; West et al., 2006a) have been used to trace the wa-
ter paths. Nevertheless, the water stable isotopes (*H and 80) provide a reliable
signature to identify and differentiate among water sources, storage, and paths
(Dawson et al., 2002; West et al., 2006a). Additionally, the signatures of these
isotopes make it possible to link the water source with specific seasons and times
(Feng et al., 2013a; Gat, 2005; Gourcy et al., 2005; Jouzel et al., 2013; Rozanski,
2005; Visser et al., 2013).

Using stable water isotopes to study the behaviour of water and analyse water
fluxes has become more common over the last decade, with a number of recent
studies that have examined water fluxes in forests and other natural ecosystems
(De Wispelaere et al., 2017; Wang et al., 2017). The isotopic composition of pre-
cipitation is the main key to relating surface, ground- or soil water to its original
source, including information about spatial and temporal distributions. The isotopic
composition of throughfall in a forest is subject to change through processes of
evaporation, mixing or interaction with other sources, thus allowing to gather in-
formation about the evaporation process and fluxes within a system (Hsueh et al.,
2016).

Both stable isotopes ?H and 80 are considered ideal tracers in hydrology be-
cause of their natural occurrence and signature variation linked to the isotope ratio
dependency on temperature (West et al., 2006b). Water phase change drives phys-
ical isotope fractionation, as well as diffusion and mixing but at lower proportions
(Gat et al., 2000; Rothfuss et al., 2010). Evaporation from soil and wet surfaces
depends on the amount of water vapor transferred towards the atmosphere, and
will undergo physical fractionation (Soulsby et al., 2017; Sprenger et al., 2017a;
Van Bavel and Hillel, 1976). Whilst the fractionation caused during photosynthesis
is an example of the chemical fractionation, determining the isotope signature of
the water transpired by plants (Butt et al., 2010; Cernusak et al., 2016; Farquhar
et al., 2007). Physical and chemical fractionation of water stable isotopes charac-
terizes the kinetic fractionation process, which is unidirectional and mass dependent
(Young et al., 2002).

The introduction of stable water isotopes in hydrology allowed the refinement of
evaporation partitioning (Miralles et al., 2011a; Wang et al., 2014). Thus comple-
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menting the hydrometric data and providing information about the source of water
vapor as a descriptor of the evaporation process (Blyth and Harding, 2011; Dub-
bert et al., 2017; Silvertown et al., 2015). Stable isotope signatures (*80 and 2H) of
different soil water reservoirs may differ due to isotope fractionation, as well as mix-
ing and diffusion processes (Barnes and Turner, 1998; Hsueh et al., 2016; Sprenger
et al.,, 2016). These processes happen throughout the soil profile with differences
in magnitude. Soil evaporation drives the isotopic fractionation of soil water at the
superficial soil layers (Dawson and Simonin, 2011; Sutanto et al., 2012). The soll
evaporation rate is affected by the presence of different vegetation types or ground
layer types (Magliano et al., 2017; Sprenger et al., 2017a; Raz-Yaseef et al., 2010).
This will change the spatial distribution of isotope signatures with augmented dif-
ferences because of the enriched isotope signature of throughfall water reaching
the forest floor (Allen et al., 2016; Dawson and Simonin, 2011).

Plant water uptake has been considered as a hon-fractionation process (Ehleringer
and Dawson, 1992; Guo et al., 2016) except for plant species growing in saline or
xeric environments (Ellsworth and Williams, 2007). However, recent evidence has
shown that tree species such as Pinus sylvestris L., Quercus subpyrenaica Villar,
Persea americana Mill., Fagus sylvatica L. and Populus euphratica Oliv. are able
to fractionate the isotope signatures of xylem water (Barbeta et al., 2019; Martin-
Gomez et al., 2016; Vargas et al., 2017; Zhao et al., 2016). This arise the question
if trees do modify the isotope signature of xylem water, as a response to their plas-
ticity to seasonal changes despite their similar root distribution (Schwendenmann
et al.,, 2015). Different vegetation types determine partly the plant root system
(Groff and Kaplan, 1988) and with it, the capacity to access specific soil water
reservoirs. The transpired water has heavier isotope signatures than xylem water
as a consequence of the photosynthesis process (Dubbert et al., 2014; Yakir and
Sternberg, 2000), differing from the water source used by the plant. This provides
a tool to trace or compare the different sources of water vapor in the air.

Currently, the evaluation of the isotope signatures of water vapor can be per-
formed with three different methods. Firstly, the Craig-Gordon model (CG-model)
(Craig and Gordon, 1965) was developed to determine the water vapor signature
of evaporation originated from open waters (Horita et al., 2008) and has also been
applied in transpiration and soil evaporation studies (Dubbert et al., 2013; Ferrio
et al., 2009; Williams et al., 2004). The CG-model includes the equilibrium effect
(as a consequence of the change from liquid to vapor) as well as the kinetic effect
(due to the diffusion of heavy and light isotopes of water vapor in the air) (Roden
and Ehleringer, 1999). The model is based on the differentiation of three interface
layers between the liquid water and atmosphere. The liquid boundary layer is dom-
inated by the equilibrium fractionation process, followed by a layer dominated by
the molecular diffusivity and the last layer is characterized by the turbulent mixing
(Craig and Gordon, 1965; Gat, 2008; Horita et al., 2008; Roden and Ehleringer,
1999). The high sensitivity of 180 to temperature makes some assumptions of
this model unreliable for the application in soil evaporation or plant tr