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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 (𝐸t), soil evaporation
(𝐸s), water intercepted by plant and ground surfaces (𝐸i), and open water evap-
oration (𝐸w) 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

xi



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 100m.

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 1.5mmd , dif-
fering from field conditions, where the evaporation from these layers do not exceed
the 0.2mmd . 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 beïnvloed. 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 beïnvloedde.
De plantoppervlakte–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 definiëren 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 43m hoogte van minder dan 100m.

Planten die in een droge omgeving groeien hebben strategieën 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 0.2mmd . 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.



1
Introduction

The forest covers the landscape
and the raindrops wash its leaves,

as the trees have to breathe
the water can move and leave.

Parts of this chapter are based on:
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and Gonçalves-Silva, T. (2018). Interception of Rainfall in Successional Tropical Dry Forests in Brazil
and Costa Rica. Geosciences, 8(12), 486.

Jiménez–Rodríguez, C.D., Coenders–Gerrits, M., Uhlenbrook, S. and Wenninger, J. (2019).
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ments. Water. 11(12), 2559.
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H. (2020). Contribution of understory evaporation in a tropical wet forest during the dry season.
Hydrol. Earth Syst. Sci., 24, 2179–2206
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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 1000mmyr as water vapor while temperate latitudes transports
∼500mmyr (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 Simón 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 (Tamkevičiūtė 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) (Rodríguez-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 (𝐸w), water intercepted on plant and ground
surfaces (𝐸i), soil water (𝐸s) and plant transpiration (𝐸t) (Abtew and Melesse, 2013;
Roberts, 1999; Savenije, 2004; Shuttleworth, 1993; Sun et al., 2016).

𝐸 = 𝐸w + 𝐸i + 𝐸s + 𝐸t (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 𝐸t from 𝐸, where large variations
were observed due to variations on the t 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.
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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; Tobón 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 0.6m s ), 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



1

4 1. Introduction

Savenije, 2011; Gupta and Usharani, 2009; Schaap and Bouten, 1997; Staelens
et al., 2008; Tobón 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 O) 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 O 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 ( O and H) 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 soil
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 non-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; Martín-
Gómez 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 O to temperature makes some assumptions of
this model unreliable for the application in soil evaporation or plant transpiration
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processes (Dubbert et al., 2013). Leading to important differences in H and O
signatures between the modelled and measured signatures (Horita et al., 2008).
The second method uses uses cold traps to condensate and freeze the air water
vapor in a canister immersed in liquid nitrogen or dry ice (He and Smith, 1999;
Kool et al., 2014; Sheppard, 1958; Wen et al., 2016). This process has a high
risk of fractionation due to phase changes, leading to heavier isotope signatures
if the collection efficiency is not perfect (Griffis, 2013). Finally, recent develop-
ments and improvements in measurement techniques such as mass spectrometers
and laser-based spectroscopy allow to measure air water vapor directly in the field
(Braden-Behrens et al., 2019; Gaj et al., 2016; Iannone et al., 2010; Steen-Larsen
et al., 2013, 2014, 2015; Sun et al., 2014; Volkmann et al., 2016; Wang et al.,
2013; Wei et al., 2015; Zhang et al., 2010).

1.3. A knowledge gap beneath the canopy
Global hydrological models require reliable measurements of evaporation and its
partitioning to estimate the global patterns and flux drivers (Lawrence et al., 2007b).
The inclusion of forest heterogeneity within the simulations of evaporation will en-
hance the model reliability (Ukkola et al., 2016). This heterogeneity can be assessed
through forest attributes such as canopy layers, forest age or plants diversity. These
attributes are linked to different parameters (e.g., soil properties, leaf area index
or stomatal conductance) that influence the seasonal-scale processes that link soil
moisture and evaporation (Ukkola et al., 2016) or throughfall and deep percolation
(Klos et al., 2014).

Global forest heterogeneity is described by the presence of broadleaved or conif-
erous vegetation with evergreen or deciduous trees, forest stands with a mixture
of them, savannas and shrublands (Tang et al., 2019). However, this classification
requires the inclusion of canopy structure to refine the parameterization of forest
heterogeneity (Leiterer et al., 2015). Forest canopy is defined as all the branches,
leaves and twigs located between the forest floor and the canopy interface with
the atmosphere (Figure 1.1). It can be divided as follows (Nadkarni et al., 2004;
Parker, 1995):

• Overstory (ov): includes all the upper trees fully illuminated from above.

• Understory (u): contains the woody plants on the lowest shady layers. This
layer can be segmented in two or more layers according with forest height
and species composition.

• Ground layer (g): is formed by tree seedlings and herbaceous vegetation such
as ferns or bushes.

• Forest floor (ff): is made up of the uppermost layer of soil that includes organic
debris (litter) and various vegetation growing attached to it as mosses.
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Overstory 

Understory 

Ground layer 

Soil 

Forest Floor 

Forest Canopy 

Atmosphere Interface 

Figure 1.1: Vertical forest structure according to the classification by Parker (1995). Understory layer
can be segmented into upper, middle and lower understory depending in forest height and plant species.
Note: individual plant images adapted from the source (IMGBIN, 2020).

Specific interactions within the forest environment underline the importance of
canopy layers on the water paths. As an example, an understory layer beneath
Scots pine (Pinus sylvestris L.) trees in xeric environments reduces the soil water
content as a consequence of their interception capacity (Giuggiola et al., 2018).
This effect can be increased by the presence of a forest floor, which plays an im-
portant hydrological role as it contributes to the water and energy exchange of
forest ecosystems (Heijmans et al., 2004; Sato et al., 2004). This layer define
the air movement rates between the soil water and the air above the forest floor
(Raz-Yaseef et al., 2010; Magliano et al., 2017). However, most of the evapo-
ration studies focused on the quantification of the whole ecosystem (Silva et al.,
2017; Soubie et al., 2016; Sun et al., 2016). Meanwhile studies focusing on the
different forest layers is limited. Some studies placed the contribution of under-
story layers in temperate and boreal ecosystems ranging from 8% to 50%. This
wide range depends on species composition, canopy closeness, leaf dynamics, and
micro-meteorological conditions (Blanken et al., 1997; Iida et al., 2009; Jung et al.,
2013; Kasurinen et al., 2014; Unsworth et al., 2004). However, the quantification
of understory evaporation in other environments (e.g., tropical forest, temperate
mixed forest) is still missing.
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Figure 1.2: Location of the experimental sites selected for this thesis.

1.4. What is this thesis about?
This thesis aims to determine the role played by the forest structure during evapo-
ration, considering the canopy layering and environmental conditions. The canopy
layering includes the differentiation among overstory (ov), understory (u), ground
(g) and forest floor (ff) layers (Equation 1.2). Each canopy layer can be also parti-
tioned according to Equation 1.1, allowing the development of a twofold partitioning
method when it is required (Equation 1.3).

𝐸 = 𝐸ov + 𝐸u + 𝐸g + 𝐸ff (1.2)

𝐸 = (𝐸i ov + 𝐸t ov) + (𝐸i u + 𝐸t u) + (𝐸i g + 𝐸t g) + (𝐸i ff + 𝐸s ff) (1.3)

Some of these layers can be present depending on the forest type and latitude,
whilst environmental conditions define specific limitations to the forest growth.
These limitations can modify the role played by the forest structure. In order to de-
termine this, four study sites were selected: one in The Netherlands, two in Costa
Rica, and one in China (Figure 1.2). On these sites, specific research questions
were addressed according with the forest type and environmental conditions:

-How does a growing forest affect the evaporation by intercepting precipitation?
Chapter 2 analyses the precipitation partitioning within a Tropical Deciduous Broadleaf
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Forest in Costa Rica (N: 10°26 0 –W: 83°59 0 ). This analysis is based on hydro-
metric data and evaluates the effect of an increasing forest complexity on the deter-
mination of forest interception. Forest complexity is addressed through the selection
of three different forest stands characterizing the successional stages of tropical dry
forests: early, intermediate and late. The evaluation of forest interception was per-
formed in nine forest plots measuring gross precipitation, throughfall and stemflow.

-What is the relative contribution of different canopy layers in a complex ecosys-
tem?
Chapters 3 and 4 analyze the evaporation process during the dry season within
a Tropical Evergreen Broadleaf Forest in Costa Rica (N: 10°26 0 –W: 83°59 0 ).
Chapter 3 quantifies the evaporation of different canopy layers within a highly com-
plex ecosystem. It incorporates the signature of water stable isotopes to explain
the difficulties to differentiate between layers and water sources. Chapter 4 de-
scribes the formation of visible vapor plumes as the result of evaporation processes
happening during rain events. This evaporation is linked with the evaporation by
intercepted water in wet surfaces.

-How do different canopy types affect soil evaporation?
Chapter 5 explains how the presence of Willow trees and Willow bushes reduce
the effect of soil evaporation after summer in arid environments in China. Here,
the presence of natural and planted covers increased the soil moisture respect to
bare soil conditions. Also, how the presence of soil water with stable water isotope
signatures close to groundwater reflect the hydraulic lift process carried out by both
plant species.

-How does the presence of a dense overstory affect the understory and forest
floor evaporation?
Chapters 6, 7 and 8 analyze the evaporation process within a Temperate Ever-
green Needle Forest in The Netherlands (N: 52°15 4 – E: 5°41 24 ). Chapter 6
explores the influence of the forest floor layer on the evaporation process. This
chapter explains how the thin layer composed by mosses and litter affects the soil
evaporation and the isotopic signature of soil water. Chapter 7 compares the main
methods used to sample water vapor in the air for stable isotope analysis. The
evaluation includes cryogenic bath, three types of sampling bags and a laser spec-
trometer as benchmark. Chapter 8 investigates the evaporation process at stand
level applying continuous measurements of stable water isotopes along the forest
canopy. It combines hydrometric measurements with stable isotope data to pro-
vide a comprehensive analysis of the evaporation. Finally, Chapter 9 compiles the
main conclusions of all the chapters providing a description of how forest structure
affects evaporation.
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A thirsty growing forest

Tropical seasonality and structural complexity

The seasonal showers on the horizon arise
moving forward like a wall of dark,
wetting everything along their path

turning the brown into a green alive.

Parts of this chapter are based on:
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Gonçalves-Silva, T. (2018). Interception of Rainfall in Successional Tropical Dry Forests in Brazil and
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2.1. Introduction
According to the Holdridge life zone system (Holdridge, 1967), Tropical Dry Forests
(TDF) have a bio-temperature greater than 17 ∘C, an annual precipitation between
500–2000mmyr and a dry season that lasts 4-6 months. Last forest cover as-
sessments concluded that the total potential extent of TDF in the Americas was
1 520 659 km , but there was only 519 597 km (34%) in 2010. Sadly, only 4.5%
(23 417 km ) of the total TDF currently in the Americas is under protection by con-
servation areas. Remnants of TDF that are not protected are now highly fragmented
across the continent and are under high anthropogenic pressure. As a result, most
TDF cannot longer be considered pristine old-growth forests, but rather as a mosaic
of successional stages. On the positive side, during recent decades, several stud-
ies have shown that TDF are recovering in some areas through natural restoration
(Calvo-Alvarado et al., 2013; Portillo-Quintero and Sánchez-Azofeifa, 2010).

TDF landscapes are densely populated, because agriculture development is fa-
vored by the good climate and soil conditions for cropping; therefore, there is a high
dependency on the availability of surface or underground water resources. Recent
analysis indicated that > 44% of the cities of the Neotropics are located within dry
ecoregions and > 66% of reservoirs and dams in the neotropics are located within
these dry ecoregions (Portillo-Quintero et al., 2015). Consequently, it is necessary
to avoid greater negative effects from soil erosion, pollution, and sedimentation
of rivers, streams, and reservoirs. It is important to understand that conservation
of TDF maintains and enhances ecosystem services by increasing the landscape’s
resilience to hydrological impacts from climate change. Hence, more research is
needed on the hydrological dynamics of TDF landscapes and their interaction with
land use and climate change scenarios to generate suitable strategies to reduce a
myriad of detrimental consequences.

Forest ecosystems have a direct influence on the spatial and temporal distribu-
tion of precipitation because of their canopy structure (Guswa, 2012). This layer
is highly heterogeneous due to the angle, size, and location of twigs, branches,
leaves, species composition, tree density, and heights (Pypker et al., 2011). Thus,
interception of precipitation in forest ecosystems plays an important role by captur-
ing water on plant surfaces, increasing evaporation, and delaying the response of
streams to rainfall events. Tropical forests have a high capacity to reduce signifi-
cantly the effective or net precipitation that reaches the soil, and this could modify
infiltration (Bruijnzeel, 2004; Cavelier and Vargas, 2002).

In the meantime, the effects of forest age or successional forest stages on in-
terception of precipitation have only been studied widely in forest plantations, tem-
perate forests, and a few tropical rain forests (Cavelier and Vargas, 2002; Crockford
and Richardson, 2000). The interception capacity of TDF successional stages has
not been studied with the same effort, except in Costa Rica, Panama, and Brazil
(Jiménez-Rodríguez and Calvo-Alvarado, 2013; Oliveira-Freitas et al., 2016; Zim-
mermann et al., 2013). Evaluation of precipitation interception is indispensable
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to determine the effective precipitation reaching the soil, which provides a bet-
ter hydrological application to determine the water fluxes. However, structural
elements of the forest as canopy density, tree species and characteristics change
with forest age; modifying the canopy (Pypker et al., 2011). As a consequence,
it is expected to experience changes in the interception of precipitation capacity
of successional stages of TDF. Considering the registered changes of seasonality’s
patterns in tropical dry regions (Feng et al., 2013b), it is necessary to understand
the role of interception in dry forests. This chapter aims to evaluate and to com-
pare the interception fluxes of three successional stages of TDF in Costa Rica. Thus
describing how the forest structural parameters affect the estimates of precipitation
interception of the three successional stages of TDF.

2.2. Methods

2.2.1. Study Site: a Tropical Deciduous Broadleaf Forest

Santa Rosa National Park (N: 10°50 28 –W: 83°37 10 ) is located in the Área de
Conservación Guanacaste on a Cretaceous geological formation at the North-West
Pacific coast of Costa Rica (Figure 2.1). Leiva et al. (2009) described a wide vari-
ety of soil types, where the study site soils are classified as Entisols, Vertisols, and
Mollisols under the USDA soil classification System (Staff, 2014). Also, these soils
have an Ustic soil water regime. The selected locations are characterized by the
presence of a volcanic tuff layer beneath 50 cm depth, creating an impermeable soil
layer during the wet season (Leiva et al., 2009). This protected area has a mean
annual temperature of 26.6 ° C, a mean annual precipitation of 1678.0mmyr (pe-
riod from 1979 to 2009), and a potential evaporation of 1551.4mmyr . The dry
period of five months extends from December to April each year, while the monthly
water availability during wet season exceeds the 100mmmonth .

The ecosystem is classified as a Tropical Dry Forest (Holdridge, 1967) and the
land cover as Tropical Deciduous Broadleaf Forest (Tang et al., 2019). Santa Rosa
National Park is characterized by a heterogeneous landscape dominated by a ma-
trix of secondary forests in three successional stages (Kalacska et al., 2004). Early
stage is dominated by deciduous tree species, with a high abundance of shrubs,
small trees, grasses, and bare soil. Intermediate stage is composed by lianas, de-
ciduous trees, and presence of shadow tolerant species. Late stage is dominated by
evergreen and deciduous species at the canopy and shadow tolerant species at the
understory. Nine permanent plots of 1000 m (50mx20m) were distributed in the
three successional stages of TDF described by Kalacska et al. (2004) for Santa Rosa
National Park. Meteorological data was recorded by a permanent station located at
301masl within the national park. This station is located at a maximum distance
of 5 km from the plots.
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Figure 2.1: Location of the permanent plots of Tropical Dry Forest selected within Santa Rosa National
Park. The pastures describe the initial condition that gave origin to the successional stages of TDF (early,
intermediate and late) according to Kalacska et al. (2004).

2.2.2. Experimental Design: Interception Trial
Due to logistic limitations, the study evaluated only one rainy season and three
plots per stage in each site between August and October 2013. The sampling pro-
tocol described by Jiménez-Rodríguez and Calvo-Alvarado (2013) was followed. All
samples were collected before 8:00 am after every rainy day to prevent evaporation
from the gauges and the stemflow containers in the following order: early, inter-
mediate, and late successional stages. Each plot was equipped with one rain gauge
at 1.5m above the ground that was placed in a nearby open area to measure gross
precipitation (𝑃Gr). Due to the absence of large canopy gaps, most of the plots
required to place a funnel at least 2m above the canopy and connected to a hose
towards a 5 L container which was placed at ground level for daily measurements.
Due to the reduced time available for measuring the nine plots in each site, 20 fun-
nel type gauges were placed to sample throughfall (𝑃TF) in each plot. A revolving
sampling technique was implemented to reduce the standard error of the estima-
tion caused by the high variability in the horizontal distribution of the tree crowns
(Lloyd and F., 1988). Hence, the throughfall gauges were distributed on the forest
floor at 2.5m from each other along the central axis of the plot. After measuring
five events, the sampling line was moved 5m to either side of the central axis, and
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then it was moved 10m, 15m, and 20m away from the central axis for subsequent
sampling to cover the entire plot area. Once one rotation was completed, the trial
was reset again from the central axis. The volume of water collected by each rain
gauge (𝑃Gr and 𝑃TF) was converted into mmd with respect to the funnel collection
area.

Stemflow (𝑃SF) was measured by selecting four trees per plot that corresponded
to the 20, 40, 60, and 80 percentiles of the distribution of plot tree diameters for
a total sample of 12 trees per successional stage. For each selected tree, the pro-
jected crown area was estimated with the average tree crown diameter using the
longest and shorter diameters of the crown. The trees were chosen with no regard
to species (Table 2.1), but rather to the required diameter class, straightness of
the stem, and with uniform distribution of branches. The stemflow was collected
through a spiral collar attached to the trunks with nails and sealed with silicone
paste. Each spiral collar conducted the stemflow to a polyethylene container of 50–
200 L depending on the tree size and placed at the foot of the tree. The collected
volume of water in L per tree was converted into mmd with respect to tree crown
area. Stemflow was projected to an area of 1.0m by calculating the average stem-
flow (mm) of all evaluated trees and multiplying it by the mean number of trees
per square meter per plot (Gerrits et al., 2009).

2.2.3. Data Analysis: Forest Structure and Water Fluxes
Forest composition was evaluated using the number of tree species in each plot
(𝜌sp, species 0.1 ha ). Forest structure was evaluated through the tree basal area
(𝐴trees, m 0.1 ha ), mean tree height (𝑧tree, m), tree density (𝜌trees, trees 0.1 ha ),
Holdridge Complexity Index (HCI), and the plant area index (PAI). PAI was mea-
sured during the rainy season using hemispherical photographs analyzed with the
software Gap Light Analyzer (Frazer et al., 1999) and HCI (Holdridge, 1967) is de-
termined with equation 1. Net precipitation (𝑃Net) was defined as the water that

Table 2.1: List of the tree species selected for stemflow measurements per successional stage in Santa
Rosa National Park.

Early Intermediate Late
Cochlospermum vitifolium Astronium graveolens Chrysophyllum brenesii
Genipa americana Ateleia hebert–smithii Exostema mexicanum
Gliricidia sepium Bursera simarouba Guettarda macrosperma
Luehea candida Cochlospermum vitifolium Lysiloma divaricatum
Machaerium biovulatum Cordia panamensis Sapranthus palanga
Quercus oleoides Lonchocarpus minimiflorus Semialarium mexicanum
Rehdera trinervis Spondias mombin

Trophis racemosa
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reached the forest floor, and it corresponded to the sum of throughfall and stem-
flow per plot. Intercepted precipitation (𝑃Int) was estimated with Equation 2.2 and
corresponds to the the difference between gross rainfall (𝑃Gr) and net precipitation
(𝑃Net).

HCI =
𝑧tree𝐴tree𝜌tree𝜌sp

1000 (2.1)

𝑃Int = 𝑃Gr − (𝑃TF + 𝑃SF) (2.2)

The relationship among gross rainfall and the other fluxes was evaluated through
linear regression models. Linear regression models applied to each successional
stage were defined by 𝑦 = 𝛼 + 𝛽𝑃Gr ± 𝜖i (Klamerus-Iwan et al., 2020), where 𝛼 is
the interception with the 𝑦 axis, 𝛽 is the slope of the equation that represents the
proportion of water retained by the canopy, and 𝜖i is the error associated with the
estimate. Both the regression coefficient and the intercept were tested to deter-
mine if they were statistically different from zero (p< 0.05 and p< 0.10). For those
regressions that produced non-significant intercepts, no attempt to remove them
from the model was made aiming to maintain all equations equal.

Finally, a Pearson correlation matrix was obtained to study the relationship of
net rainfall with forest structural parameters by pooling all data from the nine plots
of all stages. Statistical significance was fixed at p< 0.05 and p< 0.01. Each signif-
icant correlation was examined graphically by plotting the two correlated variables
to determine the validity of the relationship. If the trend revealed that the signifi-
cance of the correlation was from the influence of outliers, then it was discarded.

2.3. Results
Precipitation at Santa Rosa National Park during the hydrological year 2013–2014
was 1118mmyr . Daily temperature fluctuated between 22.4 ∘C and 27.4 ∘C, with
a mean annual temperature of 25.1 ∘C. The relative humidity increased from a min-
imum of 51.4% in March to a maximum of 98.4% in the rainy season. Dur-
ing the sampling period, SRNP recorded 372.7mm of rain in the early succes-
sional stage, 385.2mm in the intermediate stage, and 327.8mm in the late stage,
with a maximum daily rainfall of 83.5mmd . Forest structure differs strongly
among and within successional stages (Table 2.2). Forest height, tree species
and plant area index increase accordingly with forest age following the trend:
Early< Intermediate< Late. Holdridge Complexity Index and tree basal area in-
creases after the early stage, remaining similar in the intermediate and late stages.
Tree density is larger in the Intermediate stage than Early and Late stages, mainly
due to one plot in particular: CR1I4.
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Table 2.2: Summary of the main structural parameters measured in different forest stages of tropical
dry forest in Costa Rica.

Stage Plot tree trees sp trees HCI PAI

Early

CR1E1 9.0 21 5 0.3 0.3 2.8
CR1E2 9.8 72 13 0.4 3.7 1.5
CR1E3 10.8 32 11 1.1 4.4 4.3
Average 9.9 41.7 9.7 0.6 2.7 2.9

Intermediate

CR1I1 20.3 46 22 4.1 84.2 7.1
CR1I4 16.0 199 17 2.3 125.6 4.3
CR1I5 13.3 38 14 1.1 7.8 5.5
Average 16.5 94.3 17.7 2.5 72.5 5.6

Late

CR1L1 23.0 74 23 2.7 105.7 6.3
CR1L2 19.5 63 19 2.4 56.0 6.6
CR1L3 24.7 49 16 3.1 60.0 5.2
Average 22.4 62 19.3 2.7 73.9 6.0

Note: tree is the average tree height, trees is the tree density, sp is the number of tree
species, trees is the tree basal area, HCI is the Holdridge complexity index, and PAI is the
plant area index.

Throughfall and stemflow fluxes increased with gross precipitation in all stages
(Figure 2.2). Throughfall increases linearly with correlation coefficients higher than
0.96 in all the stages excepting the late stage, which shows an R value of 0.88
due its scattered distribution (Table 2.3). Stemflow increases with the gross pre-
cipitation with a wide variability (Figure 2.2) having low determination coefficients.
Effective precipitation is influenced by the forest stage considering both, effective
precipitation and interception.

As expected, forest interception was higher when rainfall events were small,
decreasing with the increment of rainfall event size. This as a consequence of a
decline in the interception capacity as the foliage and bark became saturated during
the rainfall event. It is important to note that the dispersion of points for throughfall
and stemflow have a nearly linear trend in all stages at both sites. However, the
dispersion of the points increased as it progressed from the early to the late stages.
This dispersion reflected the high variability in forest structure among the plots,
particularly in the late stage. Stemflow was lowest in the early stage (0.2%) and
highest in the intermediate and late stages (0.3%). These results were expected
due to the dominance of larger trees in the advanced stages that had higher col-
lecting capacity due to more developed crowns, branches, and trunks. According to
Table 2.4 and Figure 2.4, net precipitation resulted in a significant correlation only
for PAI (r= -0.755, p<0.05). This , proving that more complex TDF structures in
Costa Rica can retain more water than simpler forest stands.

The coefficients of determination (R ) of throughfall were > 0.94 in all stages,
using the gross daily precipitation as the independent variable (Table 2.3). These
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Table 2.3: Summary of the linear regression analyses of forest interception water fluxes in relation to
Gr in three successional stages of tropical dry forest in Costa Rica.

Water Flux Forest Stage n R SE Regression Coefficients

Throughfall
Early 89 0.992 1.564 -0.285 0.899 ***
Intermediate 89 0.980 2.264 -0.670** 0.776 ***
Late 78 0.940 3.229 0.938 * 0.567 ***

Stemflow
Early 89 0.888 0.022 -0.012 *** 0.003 ***
Intermediate 89 0.559 0.052 0.005 0.002 ***
Late 78 0.565 0.064 -0.002 0.003 ***

Effective
Precipitation

Early 89 0.992 1.565 -0.298 0.902 ***
Intermediate 89 0.980 2.257 -0.665 * 0.779 ***
Late 78 0.939 3.267 0.936 * 0.570 ***

Interception
Early 89 0.656 1.565 0.298 0.098 ***
Intermediate 89 0.817 2.257 0.665 * 0.221 ***
Late 78 0.900 3.267 -0.936 * 0.430 ***

Note: Gr , n sample size, * is statistically significant (p 0.10), ** is statis-
tically significant (p 0.05), *** is statistically significant (p 0.001), SE= standard error.

Table 2.4: Pearson correlation matrix among interception of precipitation and structural variables within
TDFs in Costa Rica.

tree trees sp trees HCI PAI Int

tree 1.000
trees 0.137 1.000
sp 0.808** 0.321 1.000

trees 0.886** 0.199 0.835** 1.000
HCI 0.888** -0.021 0.851** 0.841** 1.000
PAI 0.767* -0.055 0.766* 0.820** 0.783* 1.000
Int 0.463 0.085 0.559 0.456 0.423 0.755* 1.000

Note: tree is the average tree height, trees is the tree density, sp is the number of tree
species, trees is the tree basal area, HCI is the Holdridge complexity index, and PAI is the
plant area index. The p-values are significant at p<0.05(*) and p<0.01 (**).
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Figure 2.2: Daily fluxes of throughfall and stemflow with respect to gross precipitation among succes-
sional stages of Tropical Dry Forest in Costa Rica.

good linear regression adjustments were the result of the sampling technique and
the selected sample size for this study. Because throughfall represented the high-
est proportion of net precipitation, the coefficients of determination for equations
for net precipitation had also almost identical values of R and levels of statistical
significance compared with the equations for throughfall. Coefficients of determina-
tion (R ) for stemflow were >0.50 in all stages. Hence, in comparison to equations
for throughfall, results for stemflow had lower linear regression adjustments (R )
because of the small sample size and higher dispersion of data (Figure 2.2). The
lower R for the late stage was due to the high variability in structural characteris-
tics among the late stage plots.

In general terms, most of the intercepts (𝛼) in all equations were not signifi-
cantly different from zero with p<0.05 and p<0.10. Regardless of these results
and as stated in the methodology, the models were not forced through the origin,
so that all equations were equal and allowed a fair comparison of the slopes (𝛽)
among stages and between sites. In all equations, the slopes (𝛽) were statistically
significant at p<0.05, hence, these equations provided a tool to estimate the water
fluxes in successional TDF of Costa Rica.

There are few studies in the literature that analyze the precipitation partitioning
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Figure 2.3: Distribution of net precipitation respect to forest structural parameters of the three succes-
sional stages (early stage: circles, intermediate stage: triangles, and late stage: squares). Tendency
solid lines include the nine plots. The p-values (p) of Pearson coefficients (r) are significant at p < 0.05
(*) and p < 0.01 (**).

in TDF, and it is even more difficult to find information that considers the effect
of successional stages. Oliveira-Freitas et al. (2016) found that throughfall rates in
early stages of 79.3% and in intermediate stages of 72.6%, and Lorenzon et al.
(2013) reported 84.39% and 73.04% for TDF in Brazil in early and intermediate
successional stages. Oliveira-Freitas et al. (2016) found stemflow rates of 0.44%
and 1.52% for the early and intermediate stages, whereas Lorenzon et al. (2013)
found 0.68% and 1.8%, respectively. According to a review by Cavelier and Var-
gas (2002), stemflow rates ranged from 0.3% to 1.8% in 15 studies conducted in
Brazil and Colombia in dry to moist tropical forests (1500mmyr to 3140mmyr ).
Hence, the estimates for stemflow were within the reported range of estimates in
the literature. It is important to point out that according to literature review, the
slopes (β) of the equations for net precipitation with gross precipitation are the
best estimation of the rainfall interception of the forest stages that were analyzed
(Carlyle-Moses and Gash, 2011).

2.4. Discussion
Forest canopies have a direct influence on the spatial and temporal distribution
of precipitation, as a consequence of the canopy structure (Bulcock and Jewitt,
2012; Gerrits et al., 2007; Guswa, 2012; Livesley et al., 2014; Schumacher and
Christiansen, 2015). TDFs are characterized by the presence of a dense canopy
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and understory compose by branches and twigs (Janzen, 1988; Murphy and Lugo,
1986). Meanwhile the age of secondary forests in Latin America influences the di-
versity differences among successional stages of TDF (Mora et al., 2015) as well as
biomass recovery due to forest resilience (Poorter et al., 2015, 2016). Intermediate
stages of TDF are highly diverse and rich in tree species due to their transitional
condition between the young and old forest stages (Hilje et al., 2015). This tran-
sitional condition allows them to have larger growth rates than the late stages of
TDF (Carvajal-Vanegas and Calvo-Alvarado, 2013). These conditions depict a set of
structural variables that drive multiple hydrological parameters needed to be sized
in TDFs as the interception of precipitation.

Effective precipitation differs among forest stages, showing a specific pattern
for most of the plots with an asymptotic behavior after a specific rainfall size. This
tendency can be easily observed in the early plots, increasing the variability with
the increment of forest structure. The positive correlation between interception
and forest structure in terms of plant area index and canopy height is due to the
increment in interception area, allowing to hold more water per rainfall event on a
daily basis. Throughfall dependency on precipitation size drives the high correlation
coefficients showed for most of the plots, excepting the late stage. The high plant
area index of this stage affects the variation of effective precipitation.

Traditional rainfall interception studies analyze the variation of rainfall intercep-
tion as a linear regression, analyzing the slope as the percentage of rainfall inter-
ception. This assumption is based on the fact that forest canopy has the capacity
to retain rain, and it changes depending directly with the rainfall event duration
and intensity (Carlyle-Moses and Gash, 2011). However, when the data analysis is
focused just on the percentage of rainfall retained in terms of a fixed percentage,
the dynamic effect of the canopy structure is diminished.

Specific stand characteristics as height and tree morphology influence the to-
tal interception of precipitation (Bialkowski and Buttle, 2015; Saito et al., 2013;
Schumacher and Christiansen, 2015; Spencer and van Meerveld, 2016). The pres-
ence of trees with larger bark roughness as Quercus oleoides, Spondias mombin
and Lysiloma divaricatum determine the low stemflow rates observed. Tree species
with smooth bark as Redhera trinervis or Genipa americana allow faster stem flow
and low interception. Stemflow plays an important role in limited water environ-
ments despite the low rates (Carlyle-Moses, 2004), because the water movement
towards the soil and tree architecture allows redistribution of water close to the
boles and soil water recharge with it (Bialkowski and Buttle, 2015; Spencer and van
Meerveld, 2016).

Forest growth of secondary ecosystems is characterized by a quick change in
tree species and morphologies, changing the canopy interception capacity during
the forest development (Zimmermann et al., 2013). This change is visible in the
high correlation between plant area index and precipitation interception on the
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evaluated plots despite the omission of stems and boles, it is how the how the plant
area index is a good parameter to correlate the interception capacity of forest stands
(He et al., 2014). In temperate climates, the interception of precipitation in seasonal
forests correlates positively with tree species diversity (Kramer and Holscher, 2009),
while the throughfall can be reduced by wind speed (Staelens et al., 2008).

2.5. Conclusions
Growing stages of Tropical Dry Forest (TDF) increased their canopy height (𝑧tree),
species density (𝜌sp), tree basal area (𝐴trees), plant area index (PAI) and Holdridge
complexity index (HCI) according to their successional stage (Early < Intermediate
< Late). Tree density (𝜌trees) did not follow this trend because the Intermediate
stage had a larger tree density than the other two stages as a consequence of the
rotation of tree species among stages. Forest canopy represents the first obstacle
of precipitation in its way towards the soil. The canopy cover reduces the amount of
water reaching the soil and this change relays in the forest structure in terms of for-
est species, size, and tree densities. Forest complexity of successional stages of TDF
increased with age and consequently its capacity to intercept precipitation. Older
forest stands intercept more water than the previous secondary stages. Effective
precipitation decreases from a maximum in the Early stage (𝛽 = 0.90) to a minimum
in the Late stage (𝛽 = 0.57). This diminution in water fluxes towards the forest floor
is driven mainly by throughfall of all stages meanwhile, the stemflow represents a
small portion of the effective precipitation during the trial (𝑃SF<0.5%). The small
stemflows are linked to tree characteristics such as bark roughness degree. Finally,
plant area index (PAI) is the best forest structural descriptor of interception and
effective precipitation for the successional stages of TDF. This because it encom-
passes all plant surfaces able to intercept water. PAI had significant correlation
coefficients (p<0.05) respect to interception and effective precipitation, a condition
that was not accomplished by other parameters (e.g., Holdridge complexity index).
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A shadowed steam machine

Contribution of understory evaporation in a tropical wet forest

Like miners underground
understory plants work hard,

with few sunbeams reaching the ground
they push the water as vapor into the sky.

This chapter are based on:

Jiménez-Rodríguez, C.D., Coenders-Gerrits, M., Wenninger, J., Gonzalez-Angarita, A., and Savenije,
H. (2020). Contribution of understory evaporation in a tropical wet forest during the dry season.
Hydrol. Earth Syst. Sci., 24, 2179–2206
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3.1. Introduction
Evaporation from tropical forests export more than 1000mmyr of water to the
atmosphere (Lion et al., 2017; Loescher et al., 2005; Sun et al., 2016). Partition-
ing of 𝐸 is usually focused on the differentiation among 𝐸t, 𝐸s and 𝐸i (Kool et al.,
2014; Moore et al., 2018; Xiao et al., 2018). However, the contributions of different
sections of the canopy in forest ecosystems are often not considered and are not
yet fully understood. The differentiation of 𝐸 fluxes according to the vertical forest
structure had been performed in savanna woodlands and boreal forests (Heijmans
et al., 2004; Iida et al., 2009; Scott et al., 2003; Yepez et al., 2003). However, in
tropical regions the vegetation is more complex than the aforementioned ecosys-
tems (savanna woodlands and boreal forests) and few data concerning the differen-
tiation between understory and overstory evaporation is available (Aparecido et al.,
2016; Loescher et al., 2005; Read, 1968).

In tropical forest ecosystems (TFE) the available radiation along the canopy de-
termines the photosynthesis rates and consequently the 𝐸t flux (Hogan and Kattan,
2002). The high radiation received by the overstory in tropical forests allow the
emergent trees to transpire more water (Aparecido et al., 2016). Thus most of
the total evaporation is coming from the overstory during the dry season (Kunert
et al., 2017). Differences in forest evaporation between wet and dry seasons de-
pend on energy and water availability, respectively. Water availability during the
wet season does not limit the forest evaporation which depends mostly on the avail-
able energy along the canopy gradient (Hogan and Kattan, 2002; Loescher et al.,
2005). Contrary to the wet season, the dry season experiences a strong reduction
on the precipitation rates triggering physiological responses on the trees. One of
these responses is the increment of litterfall (Peters, 2016; Raich, 2017), which de-
pends on precipitation and wind conditions. This temporal drop of leaves during
dry season allows the creation of a thinner canopy layer respect to the canopy in
the wet season, which can alter the transpiration of understory species such as
Geonoma cuneata H. Wendl. ex Spruce or Piper arieianum C.DC. which exploit the
most shaded microsites (Chazdon, 1986, 1992).

The understory environment of tropical moist forests is highly variable. This
layer receives up to 4% of the radiation received by the overstory, while canopy
gaps can receive 4.3 times more radiation (Tymen et al., 2017) and almost three
times higher vapor pressure deficit (Fetcher et al., 1985). These conditions can in-
duce larger transpiration rates as consequence of the plant physiological response
to rise in air temperature and vapor pressure deficit (Adelman et al., 2008; Hogg
and Hurdle, 1997). This determines the small daily contribution of the understory
heat fluxes to the net radiation. However, during days with low net radiation this
contribution can be significant at ecosystem level (Loescher et al., 2005). Addi-
tionally, the soil water reservoir used by understory shrubs and overstory trees
differ. Shrub plants are more dependant on soil water, whereas the trees can ac-
cess deeper water reservoirs (Ghimire et al., 2018). The number of plant species
in TFE can exceed 50 species ha (Eilu et al., 2004; Naidu and Kumar, 2016) with
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densities above 500 trees ha (Crowther et al., 2015). Also, the heterogeneous
spatial aggregation of tree species in TFE (Volkov et al., 2005) increases the num-
ber of variables that influences the 𝐸t flux. This increases the number of 𝐸t sources,
making it difficult to differentiate between other evaporation fluxes such as 𝐸s or 𝐸i.

The structural complexity of TFE is defined by environmental variables such as
altitude, climate and geomorphology (Holdridge, 1967; Gomez, 1986; Hartshorn,
2002; Guariguata and Ostertag, 2002). The forest canopy can be segmented into
four layers according to vegetation height and light requirements. First, the over-
story includes all the trees fully illuminated at the top of the canopy. It is followed
by the understory which is composed of woody plants located in the shade beneath
the overstory. Third, the ground layer includes all seedlings, herbaceous vegetation
and small shrubs. Finally, the forest floor includes the uppermost layer of soil (O
Horizon) and the litter layer lying on it (Nadkarni et al., 2004; Parker, 1995).

Tropical canopies have a wide number of epiphytes growing on the tree tops
along the canopy that influence the effective precipitation, water uptake and 𝐸
processes (Ah-Peng et al., 2017; Cavelier and Vargas, 2002; Gotsch et al., 2016;
Porada et al., 2018; Zotz, 2016). Thus allowing the tall canopies to create a micro-
climate bellow its shadow (Fitzjarrald and Moore, 1995; Frey et al., 2016; Nakamura
et al., 2017). These differences are linked to the energy balance variation along
the forest profile, resulting in changes of total evaporation (Ehleringer and Daw-
son, 1992). Most of the evaporation studies in the tropics focus on yearly patterns
(Baldocchi and Ryu, 2011; Calder et al., 1986; da Rocha et al., 2009; Loescher
et al., 2005; Schellekens et al., 2000), the wet season (Read, 1968; Wright et al.,
2017) or time windows of less than one day to study specific processes such as
aerodynamic conductance (Holwerda et al., 2012). But few attempts deeping the
knowledge of dry season evaporation has been found (Harper et al., 2014). Tropi-
cal forests are highly sensitive to water variability (Tan et al., 2013) and understory
light availability (Brenes-Arguedas et al., 2011), which are the main factors defining
the distribution of plant species. This because tree seedlings are prompted to use
water dripping from the canopy by the condensation of convective fog during the
dry season (Liu et al., 2010). Consequently, changes in the canopy conditions can
modify the understory composition and with it the future forest evaporation. The
aforementioned underlines the need to provide more information about the evapo-
ration process during the dry season in tropical forests, as well as the role played by
understory vegetation during forest evaporation. This chapter aims (1) to estimate
the total evaporation flux during the dry season in a tropical wet forest, (2) to dif-
ferentiate the contribution among canopy layers depending on their location with
the canopy, (3) to define the contribution of plant transpiration to the dry season
evaporation at forest level, and (4) to describe the temporal dynamics of the stable
isotope signatures during dry season. To study this, we made use of the energy
balance to quantify the fluxes and stable water isotopes to trace the sources of
water vapor.
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3.2. Methodology
3.2.1. Study Site: Tropical Evergreen Broadleaf Forest
La Selva Biological Station (LSBS) is located on the Caribbean lowlands of Costa
Rica (N: 10°26 0 –W: 83°59 0 ) (Figure 3.1). This region has a mean annual pre-
cipitation of 4351mmyr , with a monthly precipitation of more than 100mmmonth
(Loescher et al., 2005). A short dry season is present in this region between Febru-
ary and April and it is characterized by a reduction of precipitation without experi-
encing a water deficit (Sanford Jr. et al., 1994; Lieberman and Lieberman, 1987).
The mean annual temperature is 26.3 ∘C with a mean daily difference of 9.5 ∘C
between the lowest and the highest temperature. The potential evaporation (𝐸p)
accounts for 1585mmyr (Figure 3.2). The research station is covered by a series
of old growth and secondary forests, as well as small forest plantations of different
species and mixed plots (Figure 3.1).
(Putman et al., 2019)

The monitoring period included the dry season of 2018 for 62 days between
2018-1-25 and 2018-3-26. During this period the meteorological data was col-
lected continuously and the water sampling was done during 3 different periods:
2018-01-30 to 2018-02-09 (sampling period A), 2018-02-19 to 2018-02-26 (sam-
pling period B) and 2018-03-19 to 2018-03-25 (sampling period C). This study was
carried out at the Major Research Infrastructure plot (MRI–plot) which has an area
of 1 ha of old growth forest located on the middle terrace of the Puerto Viejo river
(Sanford Jr. et al., 1994). The MRI–plot is situated in the upper section of a small
hill facing South–West towards an affluent of the Puerto Viejo river. The soil is
classified as Inceptisol (Andic Humidotropept) under the USDA classification sys-
tem (Sollins et al., 1994). This plot has 88 species among trees, lianas and palms
with more than 10 cm of diameter. Tree density was 371 trees ha in 2017 with
60.6% of the trees within 10–20 cm diameter. The most abundant species are the
palm Welfia regia H.Wendl. and the tree Pentaclethra macroloba (Willd.) Kuntze
with 56 trees ha and 43 trees ha , respectively. Based on data from Tang et al.
(2012), the average leaf area index (LAI) in 2005 of the plot was 3.56m m (Fig-
ure 3.1). Also, this plot is located within an area of small changes of top canopy
height and a neutral change of tree biomass fixation (Dubayah et al., 2010). Canopy
structure on the MRI–plot was split into 3 layers. The lower understory (lu) ranges
from the ground surface up to 2m height, it includes the ground surface, the litter
layer and small shrubs. The upper understory (uu) goes up to 10m height covering
the crowns of medium palms, tall bushes and small trees. The overstory (ov) is the
tallest canopy layer and it includes the crowns of the tallest trees of the plot.

3.2.2. Instrumentation
A meteorological station is located 750m East from the MRI–plot (Figure 3.1).
This station monitors precipitation, air temperature, relative humidity, solar radi-
ation, photosynthetic active radiation, atmospheric pressure, leaf wetness, wind
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Figure 3.1: Location of sampling points and the Major Research Infrastructure (MRI–plot) plot at La
Selva Biological Station in Puerto Viejo de Sarapiquí, Costa Rica. The land cover map shows the location
of the MRI–plot in the Old Growth Forest and the bottom left image depicts the leaf area index (LAI)
distribution in the plot.

speed and wind direction. All sensors are controlled by a Campbell Scientific© data
logger, averaging the data over 15min time intervals and storing it automatically
on an online server at the research station. The MRI–plot has 3 research towers
with different heights (Tower 1: 34m, Tower 2: 25m (under repair during the ex-
periment) and Tower 3: 43m). Tower 3 is located within a canopy depression of
around 400m , and the other two towers allow the access to the forest canopy at
the center of the plot (Figure 3.1). A series of sensors were placed along Tower 3 to
monitor different meteorological variables during the study period. Air temperature
and relative humidity were installed 1.5m away from the tower structure at 2m,
10m, 37m and 43m height; and protected with a radiation shield (ONSET®; RS3-
B). Precipitation, solar radiation and photosynthetic active radiation were measured
at the highest point of Tower 3. Soil temperature, soil moisture and solar radiation
were measured at ground level near the base of the tower. The radiation data was
recorded with a Campbell Scientific© data logger (model: CR10x) every 15min,
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evaporation ( p) was estimated with the temperature data and Thornthwaite equation (Thornthwaite,
1948).

soil temperature was recorded with a HOBO 4-channel data logger (ONSET® part
code: U12-008) and the other sensors with a HOBO USB Micro Station (ONSET®

part code: H21-USB) every 5min.

Throughfall measurements were carried out at ground level with 15 rain gauges,
12 of them distributed within a sub plot of 200m (Figure 3.1) to estimate the bulk
throughfall and 3 additional ones placed around Tower 3 to collect daily samples.
The measurements were carried out every 24 hr before 7:00 a.m. When isolated
rain events happened during the day, the precipitation was measured right after
the event. Throughfall was measured in mL with a measuring cylinder of 500mL
with a scale of 0.5mL. All volumes were translated into mm of water according to
the rain gauge surface area. Leaf area index (LAI, m m ) was determined with
hemispherical pictures collected at the raingauge locations within the MRI plot at
50 cm height from the ground. These images were processed with the Gap Light
Analyzer (GLA) software (Frazer et al., 1999). All dasometric data of the MRI–plot
was provided by the scientific team of LSBS. This data set includes the scientific
names of all trees, palms and lianas with more than 10 cm diameter measured at
1.3m height, as well as the branching heights (m) and tree diameters (cm).

3.2.3. Water Sampling
Different sets of liquid samples were collected at the MRI–plot, in a stream located
50m downhill the MRI–plot, and at an open area located 400m South–East from

https://tropicalstudies.org/
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the MRI–plot (Figure 3.1). Samples of bulk precipitation were collected at the open
area on an event basis to determine the isotope variation from individual rainfall
events, while overnight precipitation was collected the next day before 6:00 a.m.
The samples were collected manually and the reservoir was replaced immediately
after the measurement. The additional set of 4 rain gauges collecting bulk through-
fall were placed around Tower 3 and sampled on a daily basis or shorter if it was
possible. Soil water from the unsaturated zone was collected on a daily basis with
soil moisture samplers (Eijkelkamp part number: 19.21.SA) of 10 cm length, with
a porous polymer of 0.15𝜇m diameter. Soil water sampling was carried out at 2
locations around Tower 3, extracting the samples from 5 cm and 15 cm depth in
each location. The first 0.5mL of every sampling were discarded to reduce the
contamination from previous soil water extractions.

Stream samples were sampled daily during the low flows at the end of the sam-
pling period as a proxy of the groundwater signature. This as a consequence of the
absence of boreholes near the MRI-plot. Water vapor samples were collected with
a test tube of 30mL of borosilicate immersed in an isolated container of 500mL
filled with dry ice (-70 ∘C). The collection was performed at least every three hours
depending on the meteorological conditions and dry ice availability during the sam-
pling period. The samples were collected at Tower 3 at 43m height. Transpired
water was collected from the canopy of different plant species surrounding the tow-
ers. These samples were collected with polyethylene bags at least every 6 hr and
transferred immediately to 1.5mL borosilicate vials. Xylem water was extracted
daily from branches or exposed roots at midday for four types of plants: palms (17
samples from 5 species), trees (21 samples from 11 species), bushes (17 samples
from 10 species), and lianas (12 samples from 5 species). Detailed information on
the sampled species can be found in the supplemental material. The sampled plants
were selected randomly according to the plant type from all the individuals within
the MRI-plot. The bark of each sample was removed before the water extraction.
The xylem sample was placed within a 50mL test tube with an insert of 30mL
and a DURAPORE® membrane filter (PES-45/25, 0.45 𝜇m, HV). The water was ex-
tracted through centrifugation at 5000 rpm for 30min, transferring immediately the
extracted water to 1.5mL vials. All liquid samples were stored at 6∘C, whilst xylem
water was stored at -10 ∘C to prevent the decomposition of the dissolve organics in
the sample and the formation of fungi until the water samples were analyzed.

3.2.4. Energy Fluxes
The latent heat flux (𝜌𝜆𝐸, Wm ) was determined using the energy balance equa-
tion (Equation 3.1) from the ground up to 2m, 8m and 43m (Figure 3.3). This
equation is based on the vertical transport of heat, neglecting the advected en-
ergy due to the lack of more detailed measurements (e.g., eddy covariance sys-
tem). However, considering the tower location away from treefall gaps and at a
hill top minimizes major effects of understory canopy advection (Loescher et al.,
2005). The net radiation (𝑅n, Wm ) was calculated with equation 3.2 applying
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an albedo (𝑎) value of 0.12 according to Loescher et al. (2005) for this forest type
and incoming short wave radiation (𝑅↓S). Incoming (𝑅↓L) and outgoing (𝑅↑L) long
wave radiation (Wm ) were determined for every time step. Ground heat flux
(𝐺, Wm ) was calculated with equation 3.3 using the temperature difference (d𝑇)
between the soil temperature at 5 cm depth and the superficial soil temperature
(𝑇s0). A soil thermal conductivity (𝑘) of 1.58Wm ∘C (Pielke, 2013) was used to
determine 𝐺 considering the soil clay content and soil moisture condition of more
than 0.40m m during the study period. The sensible heat flux (𝐻, Wm ) was
determined using equation 3.4, where 𝑇a is the air temperature (∘C) at the differ-
ent heights, 𝜌a is the air density (kgm ), 𝑐p is the specific heat of the air (1.013×
10 MJ kg ∘C ), and 𝑟a (sm ) is the aerodynamic resistance to heat transfer.

𝜌𝜆𝐸 = 𝑅n − 𝐻 − 𝐺 (3.1)

𝑅n = (1 − 𝑎)𝑅↓S − 𝑅↑L + 𝑅↓L (3.2)

𝐺 = 𝑘d𝑇
d𝑧 (3.3)

𝐻 = −𝜌a𝑐p
𝑇a − 𝑇s0
𝑟a

(3.4)

3.2.5. Isotopic Analysis
Relative isotope concentration of deuterium (𝛿 H) and oxygen–18 (𝛿 O) with re-
spect to the Vienna Standard Mean Ocean Water (VSMOW) were measured with a
Liquid Water Isotope Analyzer (LWIA; model 912-0008) from Los Gatos Research
(LGR). We used the software LIMS 10.083 for lasers (Coplen, 2000) during the cal-
ibration, correction and determination of stable isotope signatures of the analyzed
samples. Stable water isotope signatures of H and O were expressed in 𝛿 values
(h), representing the relative deviation from Vienna Standard Mean Ocean Wa-
ter (VSMOW) (Craig, 1961). Equation 3.5 determines the line-conditioned excess
(lc-excess) based on the Local Meteoric Water Line (LMWL) defined for La Selva
Biological Station by Sánchez-Murillo et al. (2013) as 𝛿 H=14.03+8.48 𝛿 O.

lc− excess = 𝛿 𝐻 − 8.48 ∗ 𝛿 𝑂 − 14.03 (3.5)

The ”Keeling method” (Equation 3.6) was used to determine the contribution of
transpiration to the atmospheric water vapor signature of total evaporation (Keel-
ing, 1958; Xiao et al., 2018; Yakir and Sternberg, 2000; Zhang et al., 2010). This
method applies the mass balance equation assuming that atmospheric water vapor
concentration of the ecosystem (𝐶eco) has the stable isotope signature of 𝛿eco as
a result of the mixture of a background atmospheric concentration (𝐶a) with sta-
ble isotope signature of 𝛿a and water vapor contributed by ecosystem transpiration
with an isotope siganture of 𝛿t. The intercept of this equation represents the net
contribution of the ecosystem transpiration.
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Figure 3.3: Diagram showing the distribution of canopy layers applied for the partitioning of energy
and evaporation fluxes. This diagram also shows the components used for the estimation of the energy
balance and its relationship with the estimates of evaporation.

𝛿eco = 𝐶a(𝛿a − 𝛿t)(1/𝐶eco) + 𝛿t (3.6)

3.2.6. Data Analysis
Data processing and analysis were performed with the software R (R Core Team,
2017). All data collected from the sensors were summarized in 15 minutes time
intervals to be comparable with the data from the meteorological station of LSBS.
The evaporation contribution of the overstory (ov), upper understory (uu) and lower
understory (lu) layers was estimated with equations 3.7–3.9. Also, the vapor pres-
sure deficit (VPD) was calculated in kPa based on the difference between saturation
vapor pressure (𝑒s) and actual vapor pressure (𝑒a) calculated based on the air tem-
perature (𝑇a) and dew temperature (𝑇dew) of each height. The lc-excess of the
samples was used to determine the presence of statistical differences among sam-
ple types and the temporal differences within each sample type. As the samples did
not follow a normal distribution, a non-parametric analysis was applied. Presence
of differences in lc-excess among and within sample types was determined with a
Kruskal–Wallis test and the pairwise comparisons were carried out with a Wilcoxon
rank sum test.
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𝐸2 = 𝐸lu (3.7)

𝐸8 = 𝐸uu + 𝐸lu (3.8)

𝐸43 = 𝐸ov + 𝐸uu + 𝐸lu (3.9)

3.3. Results
3.3.1. Meteorological and Canopy Conditions
Canopy openness and LAI at the MRI-plot were 14.4± 3.4% and 2.6± 0.3m m ,
respectively. During the dry season some trees species experienced a partial loss of
leaves (e.g., P. macroloba, Pterocarpus sp. or Virola koschnyi Warb.), this reduces
locally the LAI at the end of the sampling period. Rain events during the moni-
toring period of 62 days had a random distribution, recording a total precipitation
of 536.2mm (Figure 3.4). After 2018-02-01, the rain events intensity experienced
a diminution, while the frequency and length of dry periods increased after this
date. The occurrence of precipitation affects the VPD, registering maximum values
above 2.0 kPa during the hottest and driest days (Figure 3.4). The wind was pre-
dominantly from the South–East, with an average magnitude of 0.97ms and a
maximum of 4.34ms . The low average is a consequence of the high frequency
of wind speed lower than 2ms and the wide presence of calms. These calms
(𝑢< 0.25ms ) are present during 27.8% of the monitoring period. Daily air tem-
perature oscillates between 17.8 ∘C and 32.5 ∘C. The presence of rains reduces the
vapor pressure deficit (VPD) which does not exceed 3 kPa.

Air temperature differs among canopy heights and between day and night times
(Figure 3.5). At 43m and 8m height the air temperature has a daily range of more
than 10 ∘C, while at 2m height the range is smaller (< 10 ∘C). However, night time
conditions along the canopy profile keep the same pattern without strong differ-
ences. Superficial soil temperature does not have differences between day and
night time, showing the same range of temperatures. However, the differences
during day and night time are driven by the median temperature as a consequence
of energy dynamics at ground level.

The VPD at the forest canopy changes with respect to the height. VPD at 43m
height registered the largest values along the monitoring period during day time,
droping below 1.0 kPa at night (Figure 3.5). VPD day time conditions at 8m height
are similar to those at 43m. Beneath the canopy at 2m height the VPD have a
similar trend to night conditions at 43m height with values not larger than 1.0 kPa.
Thus reflects the saturated air conditions close to the forest floor despite the high
air temperatures at the site, as it is evidenced by the larger frequency of VPD with
0 kPa. Soil moisture conditions at the MRI-plot oscillates between 0.42m m and
0.48m m , without differences between day and night time conditions.
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Daily variation of relative humidity along the canopy profile differs depending on
the canopy height. During sunny days, the conditions at 43m shows are the driest
reaching a lower point of 45.2% and only goes to 100% during rainfall events. The
average relative humidity at 43m height is 80.9±14.3%. At 8m height the relative
humidity has an average of 90.1±11.3% with a driest point of 52.3%. Close to
the forest floor the relative humidity remains close to saturation even during sunny
days. At 2m height average is 97.2± 4.8% with a driest point of 71.0% during the
driest day.

3.3.2. Fluxes
Between 2018-01-26 and 2018-03-25 a total amount of 492.8mm of precipitation
was recorded, with 4 days of more than 20mmd (Figure 3.6). Daily measure-
ments of throughfall performed manually at the MRI-plot show that the canopy is
able to intercept 11.7% of the accumulated precipitation. This interception includes
the effect of the 3 canopy layers, which remain wet 61.2% of the time according
to the leaf wetness sensor. Most of the events registered an interception fraction
between 0.38 to 0.40. It is important to mention the lack of stem flow measure-
ments at the MRI-plot due to the diversity of plant types and species, as well as
the high tree density. This can result in an overestimation of the interception in
no more than 2.0% of precipitation for tropical forests (Cavelier and Vargas, 2002;
Tobón Marin et al., 2000; Sá et al., 2016). Soil moisture conditions during the study
period remain stable with few minor changes during the monitoring period (Figure
3.5). The larger values observed in soil moisture are the result of the large amount
of throughfall during rain events.

𝑅↓S varies depending on the location along the canopy. At 43m height the 𝑅n
has a homogeneous frequency during day time, reaching a maximum value close to
1130Wm . While at 8m and 2m the frequency of larger 𝑅↓S (> 500Wm ) is spo-
radic reaching not more than 400Wm and 100Wm , respectively. The sporadic
presence of 𝑅↓S is due to the presence of sunbeams filtering through the canopy
openings. The reduction of 𝑅↓S is linked to the attenuation of the 𝑅↓S before reach-
ing the forest floor due to the canopy layers. Forest canopy absorbs, reflects and
diffuses more than 95% of 𝑅↓S. This attenuation influences the energy availability
on the understory and forest floor (Figure 3.5). The effective energy reaching the
forest floor drives the 𝐺 daily variations, allowing the soil to store up to 32.3Wm
(Figure 3.5). This energy is released at night with fluxes up to 39.6Wm . This
pattern makes 𝐺 the most important energy flux during night periods at the MRI-
plot. Net radiation along the forest canopy profile decreases its magnitude from
top to bottom. 𝑅n43m had a maximum of 1000.8Wm , while the 𝑅n2m is just a
fraction of this flux. Net radiation at 43m, 8m and 2m during clear nights had sim-
ilar fluxes, however this pattern differs when rainy conditions are present (Figure
3.4). Those conditions allows 𝑅n2 to transfer less energy to the atmosphere than
𝑅n8 and 𝑅n43.

At 2m height 𝐻 does not have strong changes oscillating between -50Wm
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and 100Wm during day time, while night time have 0Wm most of the time
(Figure 3.5). This flux increases its magnitude on the upper forest layers on day
and night time. Most important differences between 8m and 43m are based on
the maximum 𝐻 that can be reached. At 8m and 43m do not reach 300Wm .
The frequency peak of 𝐻 observed along the three heights during day time are
linked at the sporadic showers experienced during the monitoring period (Figure
3.4). The residuals from the energy balance equations applied to the three canopy
layers (Equation 4.8) represents the 𝜌𝜆𝐸. This flux has strong differences among
the canopy heights (Figure 3.5) where at 43m the 𝜌𝜆𝐸 goes from -100Wm to
910Wm , while at 8m and 2m height the minimum 𝜌𝜆𝐸 is almost the same (-
67.5Wm and -66.5Wm , respectively).
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Along this period, we estimated an evaporation of 275.5mm accounting for
55.9% of the precipitation registered at the MRI-plot. A portion of 24.3mm is orig-
inated from 2m height and 40.7mm from between 2m and 8m height (Figure 3.6).
The contribution of individual canopy layers to evaporation varies among days. The
presence of large precipitation events reduces the evaporation (e.g., from 2018-
01-31 to 2018-02-01), meanwhile periods with continuous wet conditions but small
rain events allows the evaporation to increase (e.g., from 2018-02-17 to 2018-03-
03). The overstory layer contributes with an average of 66±8%, while the upper
understory and the lower understory layers contribute with 15±2% and 9±4%,
respectively.

3.3.3. Isotope Signatures
Figure 3.7 and 3.8 show the variability of all the water samples collected at the MRI-
plot. Precipitation samples are located on the LMWL defined for La Selva Biological
Station by Sánchez-Murillo et al. (2013), with a slight fractionated signature with
respect to the LMWL (Figure 3.7). These differences in isotope signature is linked
to the presence of more convective rain events during the dry season. Isotope
signatures of precipitation and throughfall samples overlap, however the precipi-
tation samples have a wider variability than throughfall samples for both isotopes.
Throughfall samples have a more homogeneous isotope signature with fewer out-
liers than precipitation. Soil water signature at 5 cm and 10 cm depth has exactly
the same pattern as the LMWL, with only 1 sample with a fractionated signature
at 10 cm depth. The lack of fractionation in soil water and the high values of soil
moisture depict a low proportion of soil evaporation during the sampling period.
The samples of stream water collected in the stream nearby the plot have an iso-
tope signature that matches with the LMWL. However, the isotope signature differs
widely from the precipitation, throughfall and soil water samples collected on the
same period.

Transpired water samples have a more fractionated signature with respect to
the xylem water (Figure 3.8). Despite the presence of fractionated xylem water, it
does not match with the soil water signature (𝜒 : 324.04, p-value < 0.001). Sam-
ples of transpired water have a wide variation on their isotopic signatures (Figure
3.7). Transpired water samples of trees, bushes and palms show a similar pattern
among them. This pattern has a lumped group of samples with an isotope signa-
ture slightly fractionated with respect to the LMWL and some fractionated samples
linked to the dryer days. The samples of transpired water collected in the lianas
have a different pattern than the other plant types with a clear fractionation linked
with the dryer days.

Xylem water samples show clear differences among plant types. The xylem
water from palms has an isotope signature close to the LMWL, depicting a quick
access to rain water that can be stored in the palm trunks. The lianas have access
to different water sources differing in their isotope signatures (Figure 3.7). These
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Figure 3.6: Measured precipitation ( ), estimated evaporation ( ) and its fraction ( fraction) per canopy
layer at La Selva Biological Station (LSBS) during the monitoring period from 2018-01-25 to 2018-03-25.

sources include water from precipitation, stream water and soil water affected by
evaporation not present in the collected samples at the MRI–plot (Figure 3.8)). The
isotope signature of the xylem water in trees and bushes depict the use of rain wa-
ter as well as fractionated water. The bushes show a more fractionated signature
than trees. This signature can indicate the access to more superficial soil water
(< 5 cm) that can be affected by fractionation.

Temporal differences in lc-excess values were not significant (p=0.05) for most
of the sample types excepting the soil water at 5 cm depth (𝜒 =25.297, p=0.000),
throughfall (𝜒 =9.614, p=0.008) and tree transpiration (𝜒 =9.884, p=0.007).
Figure 3.9 shows the tendency lc-excess for each sampling period per sample type.
Main differences in throughfall samples are depicted between the beginning (A) and
the end of the monitoring period (C). Samples from the sampling period C showed a
more fractionated signature meanwhile the sampling period B has an intermediate
value between periods. Soil water at 5 cm shows a clear decreasing trend in lc-
excess with the pass of time, increasing considerably the fractionation of soil water
signature. Finally, trees transpiration differed between the mid sampling period (B)
and the end of sampling period (C).

Isotope signature of water vapor samples from the 3 sampling heights over-
lap with each other. These samples have a wide range for both isotopes (𝛿 H and
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𝛿 O), but only some outliers matches with the xylem water samples. However, few
vapor samples overlap with other sample types and only 4 samples at 43m height
and 5 samples from 22m height overlap with the LMWL. Figure 3.10 shows the
keeling plots applied to lc-excess and 𝛿 𝑂 of the air samples collected at 43m and
22m height. In both cases, the regression lines are not significant (pvalue> 0.05
and 𝑅 ≈ 0). The closeness of water samples exemplifying the source of water
vapor (e.g., soil water, transpired water, xylem water) and high absolute humidity
during the sampling period affected the goodness of fit.

3.4. Discussion
Evaporation in wet forests is governed by the transpiration process, following a
direct link between leaf area index and transpiration (Zhang et al., 2017). How-
ever, the role played by the forest canopy during evaporation is more complex and
involves processes such as canopy interception (Carlyle-Moses and Gash, 2011;
Gerrits et al., 2010) or splash droplet evaporation (Bassette and Bussière, 2008;
Murakami, 2006). Broadleaf evergreen forests are able to intercept 13.0% of the
precipitation for subsequent evaporation (Miralles et al., 2010), this matches the
observed interception on the MRI-plot with 11.7% of interception. This proportion
accounts for one third of the measured evaporation, leaving the remaining 44.2%
of the evaporated precipitation to canopy transpiration. The distribution of inter-
ception along the forest canopy will depend on the accumulated leaf biomass along
the canopy, although is not possible to differentiate the proportion of the individual
canopy layers. On the MRI-plot, 29.4% of LAI is allocated between 0 and 10m
height, hence the area intercepting precipitation on the understory increases as
well as the potential sources of transpiration. Loescher et al. (2005) suggested
that transpiration on the lower canopy can affect the lack of ecosystem response to
the vapor pressure deficit variations in the upper part in La Selva Biological Station.
Thus supports the contribution of 9% and 15% of the evaporation by the lower and
upper understory recorded during this dry season. Soil evaporation is negligible in
respect to transpiration and canopy interception. However, the presence of litter on
the forest floor may contribute to the evaporation at 2m height as part of the forest
floor interception. The presence of larger 𝜌𝜆𝐸 at 2m and 8m heights are linked to
the sunbeams and to their low frequency of occurrence. Negative 𝜌𝜆𝐸 values are
linked to the water condensation along the forest canopy. This condensation will
trigger the release of latent heat similarly as it happen during the cloud formation
processes (Goosse, 2015).

Allen et al. (2016) described the capacity to modify the isotope signature of pre-
cipitation when the water passes through the forest canopy. This pattern has been
identified in different locations (Allen et al., 2015; Hsueh et al., 2016; Liu et al.,
2008). Instead, the throughfall signature at the MRI-plot is more homogeneous
than the isotope signature of precipitation. This as a consequence of two factors
first, the small number of throughfall samplers used (n=4), and second the fixed
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Figure 3.8: Dual isotope plots of H and O per sample type collected at La Selva Biological Station.
Vapor samples collected at 43m height and local meteoric water line (LMWL) are used in each plot as
references.
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location of each of them. These two factors reduces the possibility to depict the
spatial variability of the sampled forest despite the differences on sampling dates.
However, the temporal differences among sampling periods show a clear effect of
the evaporation process at end of the dry season. The intercepted water is affected
by evaporation during the rain events, modifying the isotope signature of the wa-
ter that drips from the canopy. This water has a more fractionated signature than
the precipitation. The higher temperatures experienced during day time and larger
VPD conditions at 43m and 8m height drive this change the fractionation of sta-
ble water isotopes. Soil water signatures have a larger variability than throughfall
signatures, showing lighter signatures than precipitation and throughfall. Soil wa-
ter does not show the expected fractionation of soil under evaporation processes,
where the isotope signature is characterized by heavier fractionated soil water sig-
natures respect to throughfall or precipitation (Allison et al., 1984; Sprenger et al.,
2017a). This reflects the small contribution to evaporation from the mineral soil,
which is supported by the high soil moisture recorded during the monitoring period.
However, this does not include the effect of evaporation from litter interception on
the forest floor. This effect modifies the soil water isotope signature at 5 cm depth
with the development of the dry season. The decreasing trend of lc-excess values
shows the effect of evaporation process that is able to modify the water signature
that reaches this depth. This process is cumulative since the evaporation process
started modifying the isotope signature at canopy level, before reaching the litter
layer before reaching the mineral soil. This evaporation is linked to the available
energy at the lower understory that drives the evaporation process.

Water use by riparian forests in La Selva Biological Station has been linked to
groundwater withdrawal (Cadol et al., 2012). Isotope signature of stream water
during low flows reflects the isotope signature of groundwater (Blumstock et al.,
2015), allowing its use as a proxy of to describe the groundwater isotope signa-
ture. The collected stream water has a lighter isotope signature than precipitation,
throughfall and soil water however, its lc-excess depict its meteoric origin support-
ing it use as a reference to describe the groundwater. The stream water signature
is lighter than the fractionated water used by trees and bushes, meanwhile some
lianas have similar signature to stream water. This can lead to link a deep water use
by the lianas, which has been reported in some karstic and seasonal environments
(Chen et al., 2015b) however, it differs from the findings of (De Deurwaerder et al.,
2018) in a similar tropical forest. However, as xylem water and transpired water
of lianas have fractionated signatures with respect to the LMWL, but do not match
completely with soil neither throughfall samples. Temporal differences showed by
transpired water by trees are linked to a variation on the strategies to access dif-
ferent water sources. During the second period of sampling the rain events were
smaller but more frequent than during the first and last sampling periods. This al-
lowed the trees to make used more recently precipitated than the other two periods.
Palm and bushes samples are the ones that cover the isotopic range of precipitation
and throughfall samples, depicting the use of rain water. Canopy architecture of
palm trees allows the concentration of water as stemflow (Germer et al., 2010; Ger-
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mer, 2013) allowing the quick soil saturation near the root zone with precipitation
water. Additionally, palm species have the capacity to store large amounts of water
in their stem for their later use (Renninger and Phillips, 2016). This enables these
species to have a stable isotope signature close to precipitation water.

Tropical bushes and treelets have most of their root system in the upper 20 cm
of the soil (Becker and Castillo, 1990), allowing their access to superficial soil water
and nutrients. However, it is important to underline that root allocation strategy
depends on the species (Jackson et al., 1995). The water signature of xylem water
and transpired water of trees and lianas showed a large variability. Differently to
palms, tree species are able to develop extensive root systems depending on the
nutrient availability more than water access in wet environments (Kerfoot, 1963).
Whilst the growth strategies of lianas allow them to have an extensive shallow root
system due to their sprout capacity all over the forest floor (Campanello et al.,
2016). This root system allow the lianas to have access to superficial soil water
(De Deurwaerder et al., 2018), making use of the dripping water after convective
fog during dry season (Liu et al., 2010) and the dry season rains.

The overlapping isotope signatures of transpiration and xylem samples with the
precipitation water, do not allow to identify proportion of individual sources of water
vapor. The highly variable water vapor concentrations during the gas sampling and
signature closeness of possible water vapor sources did not allow neither to iden-
tify individual sources such as transpiration or evaporation. Determining the source
of water vapor with techniques such as the keeling method did not work for this
monitoring as a consequence of two factors. First, the similar isotope signatures
of the possible sources of water vapor. Secondly, the high concentration of water
molecules even in the dryer days. The keeling method has been applied in condi-
tions with clear differences between the sources of water vapor such as in semiarid
environments (Yepez et al., 2003, 2005), homogeneous plantations (Sun et al.,
2014) or comparing between inland and lake evaporation (Yamanaka and Shimizu,
2007). The presence of few plant species in those cases allowed a more homoge-
neous signature of transpiration, which is not the case at the MRI-plot which has 88
plant species. Secondly, the similar signature of sources of water vapor (transpired
water, soil water of rain water) do not allow a clear differentiation. Finally, the high
variability of the water vapor concentration during the different sampling methods
did not allow to produce a significant linear regression.

The structural complexity of a tropical wet forest requires the inclusion of differ-
ent parameters to better understand the water fluxes such as evaporation. Tackling
the structure in terms of canopy layers is possible to homogenized important dif-
ferences like plant types or number of species. This as a consequence of the larger
variability of water sources to which the plants have access or to specific characteris-
tics of the plants that defines howmuch water can be transpired (Chen et al., 2015b;
Silvertown, 2004; Silvertown et al., 2015). Traditional evaporation partitioning de-
fines the fluxes in terms of soil evaporation, plant transpiration and evaporation of
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intercepted water (Roberts, 1999; Savenije, 2004; Shuttleworth, 1993). However,
in complex environments partitioning the evaporation in terms of canopy structure
can trigger new insights of the hydrological processes involved within them.

Additionally, it is necessary to understand how individual plant species in trop-
ical environments use the different water sources. Water uptake by tropical trees
is linked to leaf phenology and transpiration rates (Schwendenmann et al., 2015)
however, the use of stable isotopes in xylem water could by affected due to evap-
orative fractionation during the transport within the plant tissues (Barbeta et al.,
2019; Martín-Gómez et al., 2016; Zhao et al., 2016) or selective acquisition (Vargas
et al., 2017). This evidence depicts the need to better understand the effect on
stable water isotope signatures during the water transport within the plant. Despite
the xylem is considered as a close transport system within the plants, the presence
of lenticels along the tree stem, twigs and branches allows the gas exchange by the
plant growing tissues (Crang et al., 2018; Hopkins and Hüner, 2008). These organs
are present in most of the sampled tree species of this study (e.g., P. macroloba,
Sacoglottis trichogyna Cuatrec., V. koshnyi, Virola sebifera Aubl.). This can trigger
additional fractionation processes along the water transport in the xylem that can
affect the isotope signatures of xylem water, making difficult to point out the water
sources for those plants. Also, providing different water vapor signatures to the tree
surroundings. This sampling is representative of the riparian forests located within
the life zone Troipcal Wet Forest according to Holdridge (1967). This because the
location in a middle terrace of the Puerto Viejo river allows the formation of riparian
forest structures with a high dominance of palm species such as W. regia and trees
like P. macroloba. Also, the ample distribution of these two species in Mesoamerica
(Borchsenius et al., 1998; Orwa et al., 2009) allows the application of this outcome
to other latitudes within the tropics.

3.5. Conclusions
Forest evaporation during the monitoring period accounted for 55.9% of the recorded
precipitation. The evaporation did not experience an increment or diminution during
the dry season, showing no water limitations for the evaporation process at stand
level. The evaporation includes 11.7% originated from the intercepted water by
plant surfaces, which modifies the isotope signature of the water before reaching
the ground. The lower evaporation rates recorded (up to 2mmd ) were linked
to rainy conditions and despite this variability, the contribution of the upper and
lower understory layers remains constant along the monitoring period (23.6%).
The main differences between lower and upper understory layers rely on the aver-
age contribution. The lower understory provides on average a 9.0% and the upper
understory 15.0% of the evaporation. The ample water availability did not affect
the contribution of individual layers. The low variability of soil moisture during this
dry season depicts a small contribution to evaporation from forest soil, a pattern
that is supported by the lack of fractionated signature of stable water isotopes.
The use of keeling plots to differentiate between transpiration and other sources of
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water vapor was affected by the highly similar signature of sources of water vapor,
by the larger number of plant species and the high water concentration and vari-
ability. Evaporation processes during the dry season in Tropical wet forests are not
restricted by water availability. However, understory plants and palm species can
be affected during drought periods due to the reduction of superficial water avail-
ability triggered by a diminution of rains and/or changes in water dripping after fog
events.
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4.1. Introduction
Forest cover in tropical regions is endangered by deforestation (Curtis et al., 2018;
Rosa et al., 2016), compromising the evaporation flux from land. Forest evaporation
is a mixture of water vapor originated from water intercepted on plant surfaces, soil
water and plant transpiration (Roberts, 1999; Savenije, 2004; Shuttleworth, 1993).
Forest evaporation is considered of major importance as a regional and local cooling
system (Ellison et al., 2017) as a result of their capacity to recycle the atmospheric
moisture at different time scales (van der Ent and Savenije, 2011). The water va-
por originated from evaporation at the surface is horizontally transported in the
atmosphere by advection (Lavers et al., 2015; Strong et al., 2007), whilst vertical
transport is linked to wind shear (Chen et al., 2015a) and convection (Trzeciak et al.,
2017). Large ecosystems influence the formation of convective clouds at the top
of the atmospheric boundary layer (Fuentes et al., 2016; Manoli et al., 2016). This
process plays an important role in the formation of precipitation in tropical basins
(Adams et al., 2011; van der Ent and Savenije, 2011), because of the contribution
of water vapor originated from local evaporation (Brubaker et al., 1993).

Evaporation is usually neglected or considered of minor importance during rain
events in dense forest ecosystems (Klaassen et al., 1998). This because during rain-
fall the vapor pressure deficit is close to zero (Bosveld and Bouten, 2003; Loescher
et al., 2005; Mallick et al., 2016), reducing the atmospheric water demand and
stopping the transpiration process (Gotsch et al., 2014). However, the increment
of evaporation with the size of rain events suggest that evaporation also occurs
during the events and not only afterwards (Allen et al., 2020). This has been evi-
denced by discrepancies found between modelled and measured evaporation rates
in tropical forests (Schellekens et al., 2000). When it rains part of the precipita-
tion is intercepted and evaporated directly to the atmosphere (David et al., 2006),
even when vapor pressure deficit and available radiation are low (Lankreijer et al.,
1999). Under high humidity conditions a portion of the precipitation can evaporate
after a raindrop splashes on the canopy or the forest floor. This process is known
as ”splash droplet evaporation” (Dunin et al., 1988; Dunkerley, 2009; Murakami,
2006) and is based on the principle that raindrop size increases with rain intensity.
Consequently, when larger drops hit the surface (e.g., ground, leaves, branches)
allow the formation of smaller rain droplets that can be easily evaporated after
the splash. This process has been pointed out as the main source of evaporation
to explain the difference between intercepted water and measured evaporation in
studies carried out in banana plants (Bassette and Bussière, 2008) and Eucalyptus
plantations (Dunin et al., 1988).

Forest evaporation produce coherent structures of water vapor called plumes,
cells or rolls (Couvreux et al., 2010). Plumes of water vapor have been identi-
fied above forest ecosystems during day time with high resolution scanning Raman
LIDAR technique (Cooper et al., 2006; Kao et al., 2000). These plumes reached
heights above the canopy up to 100m, depicting their importance as water vapor
providers at local scale. This phenomenon has been studied in astrophysics (Berg
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et al., 2016; Sparks et al., 2019), vulcanology (Kern et al., 2017; Sioris et al., 2016),
regional and global meteorology (Herman et al., 2017; Knoche and Kunstmann,
2013; Wang, 2003; Wright et al., 2017). However, to the authors best knowledge
little attention has been drawn to small events observed during rain events. Ad-
ditionally, Couvreux et al. (2010) highlighted the lack of sampling techniques able
to characterize the occurrence of these plumes close to the surface. This chapter
aims to identify the presence of visible vapor plumes in a Tropical Wet Forest. It
also tries to explain when and why these plumes occur using meteorological data
vertically distributed along the forest canopy layer.

4.2. Methods
4.2.1. Experimental Design
The monitoring was carried out on the Major Research Infrastructure (MRI) plot at
La Selva Biological station (LSBS) on the Caribbean lowlands of Costa Rica (Figure
3.1). A detailed description of the study site is available in Chapter 3. Air tem-
perature (∘C) and relative humidity (%) were measured along the vertical axis of
the tower with HOBO® smart sensors (part code: S-THB-M008). The sensors were
located at 2m, 8m and 43m height, placed at a distance of 1.5m from the tower
and protected with a radiation shield (HOBO® part code: RS-3) of 10 cm diame-
ter. At the highest point of the tower, the precipitation (mmmin ) was recorded
with a Davis® rain gauge. Soil temperature (∘C) was measured in two different
locations at 5 cm and 15 cm depth with a soil temperature sensor (HOBO® part
code: TMC20-HD). Soil moisture (Θ, m m ) was measured at the same locations
as soil temperature at 5 cm depth with an ECH O® EC sensor. Soil temperature
was recorded with a 4-channel data logger (HOBO® part code: U12-008) and the
other sensors with a USB Micro Station (HOBO® part code: H21-USB) every 5min.
A Bushnell® Natureview® Essential HD camera (12megapixels) was installed at the
top of the tower facing North–West.

All environmental variables were monitored between 2018-01-24 and 2018-03-
26. The camera was installed to collect photographs above the canopy between
2018-03-21 and 2018-03-25 at different time windows. The photographs were
collected continuously from 5:00 to 18:30 hours local time (UTC-6). These pictures
were used to determine the timing when the vapor plumes were visible at the MRI–
plot. The photographs were classified into three conditions (Figure 4.1):

• Clear View: includes all the pictures with clear and cloudy sky where the
canopy is clearly visible and there is neither mist nor plumes present (Figure
4.1 A and B).

• Mist and Fog: includes the presence of a homogeneous blurry view of the
canopy. The blurriness of each picture varies depending on the humidity
conditions. Special care was taken to prevent the erroneous classification of
photographs affected by a fogged–up lens. This category is called ”mist” from
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Figure 4.1: Visual monitoring showing the 3 conditions used to classify the canopy photographs on the
time-lapse videos. The pictures A and B show the ”Clear View” classification, picture A on a sunny day
and picture B during rain. Picture C describes the Mist and picture D shows the plumes rising from the
forest canopy.

now onwards (Figure 4.1 C).

• Plumes: includes the presence of buoyant vapor clouds risen from the for-
est canopy (Figure 4.1 D). These cloud bodies change their vertical posi-
tion in consecutive frames. Rising vapor plumes can be observed in the on-
line video of 2018-03-24 available at https://doi.org/10.4121/uuid:
997cc9d8-2281-453e-b631-5f93cfebe00e (Jiménez-Rodríguez et al.,
2019b).

4.2.2. Data Analysis
Data processing and analysis was performed with the open source software R
(R Core Team, 2017). All temperatures were converted from K to ∘C. Superficial
soil temperature (𝑇s.0, ∘C) was estimated with equation 4.1 (Holmes et al., 2008).
This equation describes the diurnal variations of soil temperature as sine waves
depending on the 24 h moving averages of soil temperature at 5 cm depth (𝑇s.5,
∘C). The daily amplitude of air temperature (𝑇A, ∘C) is defined as the difference
between 𝑇s.5 and the air temperature at 2m (𝑇2m). The oscillations are determined
by the damping depth (𝜈, m) which is calculated with equation 4.2. Depth differ-

https://doi.org/10.4121/uuid:997cc9d8-2281-453e-b631-5f93cfebe00e
https://doi.org/10.4121/uuid:997cc9d8-2281-453e-b631-5f93cfebe00e
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ence between the 𝑇ss and 𝑇s.5 is defined as 𝑧b (m). The sine pattern depends on
the angular frequency (𝜔, s ), time (𝑡) in s and 𝜙 (-) as a constant for phase
change. Equation 4.3 is used to determine 𝜔 with 𝜏 (s) as the wave period. Equa-
tion 4.2 calculates 𝜈 with the soil thermal diffusivity (𝜂, m s ) and 𝜔. Equation 4.4
(Nakshabandi and Kohnke, 1965) is used to determine 𝜂, where 𝜌s is the soil bulk
density of 0.76 g cm (Sollins et al., 1994) for the experimental plot, 𝑐s is the spe-
cific heat for clay soils (837.36Wkg ∘C ) and 𝑘 is the soil thermal conductivity of
1.58Wm ∘C (Pielke, 2013). These last two parameters were chosen according
to the soil water conditions during the monitoring period, which was close to soil
field capacity.

𝑇s.0 = 𝑇s.5 + 𝑇A 𝑒(
s ) sin(𝜔𝑡 − 𝑧b𝜈 + 𝜙) (4.1)

𝜈 = √2𝜂𝜔 (4.2)

𝜔 = 2𝜋
𝜏 (4.3)

𝜂 = 𝑘
𝜌s𝑐s

(4.4)

Virtual potential temperature (𝜃v, ∘) of the air was calculated to take into account
the variation in the adiabatic lapse rate due to changes in pressure (Barr et al., 1994;
Stull, 1988, 2016). For saturated (cloudy) air conditions equation 4.5 calculates the
𝜃v based on the water-vapor mixing ratio (𝜓s) of the moist air, the liquid water
mixing ratio (𝜓L) and the virtual temperature (𝜃). The parameters 𝜓s and 𝜓L
were determined using the vapor pressure deficit of the air on each height (Stull,
2016). The virtual temperature was estimated with equation 4.6 where Γd is the
dry adiabatic lapse rate near the surface (0.0098 ∘Cm ), 𝑧 is the height above the
ground in m and 𝑇z is the air temperature at the same heights.

𝜃v.z = 𝜃z(1 + 0.608𝜓s − 𝜓L) (4.5)

𝜃z = 𝑇z + Γd 𝑧 (4.6)

Convection can be identified by evaluating the temperature gradient ( v ). Val-
ues of v > 0 are linked to stable stratification, meanwhile v < 0 show an
unstable stratification, which will drive convection.

The condensation of vapor close to the forest canopy can be identified by cal-
culating the lifting condensation level (𝑧lcl) in m with equation 4.7. This equation
determines the elevation at which a parcel of air condensates allowing the forma-
tion of clouds. This equation uses the difference between air temperature (𝑇z) and



4

54 4. Drop, drop, drop, and the vapor goes

dew point temperature (𝑇dew.z) at one specific height (𝑧), divided by the difference
between Γd and the moist adiabatic lapse rate (Γdew) at 𝑇z and 𝑇dew.z (Stull, 2016).

𝑧lcl =
𝑇z − 𝑇dew.z
Γd − Γdew

(4.7)

The energy balance equation (Equation 4.8) was used to estimate the evapora-
tion (𝐸z) in m s at 2m, 8m and 43m height. In this equation, 𝐺 is the ground
heat flux (Wm ), 𝑅n.z is the net radiation (Wm ), 𝐻z the sensible heat flux
(Wm ), 𝜌w is the water density (1000 kgm ) and 𝜆 the latent heat of vapor-
ization (2.405 × 10 J kg ). 𝑅n.z and 𝐻z are estimated at 2m, 8m and 43m. The
estimation of all the fluxes is described in detail by Jiménez-Rodríguez et al. (2019a).
Equation 4.8 is based on the vertical transport of heat and neglects the advected
energy on the forest canopy as a consequence of the lack of more detailed mea-
surements (e.g., eddy covariance system).

𝐸z =
𝑅n.z − 𝐻z − 𝐺

𝜌w𝜆
(4.8)

4.3. Results and Discussion
The monitoring period experienced a diurnal variation in air temperature along the
vertical profile of the canopy, with a temperature difference of more than 10 ∘ C
at 43m and less than 7 ∘C at 2m height (Figure 4.2). The highest temperatures
were registered at 43m height reaching more than 30 ∘C, decreasing in magnitude
towards the forest floor. These peak temperatures were recorded around noon
with differences up to 5 ∘C between the air temperature at 43m and 2m height.
The 𝑇s.0 oscillates between 20.7 ∘C and 25.4 ∘C. The amplitude of the oscillation
increased with the sunniest days but the daily difference does not exceed the 4 ∘C.
The maximum Θ value was 0.47m m during the heavy rains, almost reaching
the saturation point for clay soils of 0.50m m (Saxton and Rawls, 2006). The
minimum Θ was recorded after the driest period just before the rains on 2018-
03-24 (0.42m m ) getting close to soil field capacity for clay soils (Saxton and
Rawls, 2006). Evaporation always occurs during daytime on all sampling days (Fig-
ure 4.2). During the four sunny days the evaporation was larger than 5mmd ,
with a contribution of more than 1.0mmd from 8m height and no more than
0.7mmd from 2m height. In contrast, during 2018-03-24 the continuous rains
sum up 58.7mmd and the evaporation was estimated as 1.8mmd at 43m and
only 0.2 d at 2m height (Table 4.1).

During the visual monitoring with the field camera, clear view conditions were
predominant along four days (Figure 4.2). These days were characterized by sunny
conditions with temperatures above the 25 ∘C, no large rain events and a decreasing
trend in soil moisture. Also, on 2018-03-24 it was possible to identify three short
periods with clear view conditions in between the rains. Mist formation was identify
on 2018-03-23 and 2018-03-25 before 7:00 a.m. Meanwhile the photographs of
the other sampling days did not show mist formation because of its timing. These



4.3. Results and Discussion

4

55

Table 4.1: Summary of daily precipitation and evaporation at 43m, 8m and 2m height estimated based
on the meteorological data collected on site.

Date Precipitation Evaporation (mmd )
(mmd ) 0–43m 0–8m 0–2m

2018-03-21 0.0 6.0 1.5 0.7
2018-03-22 0.0 5.4 1.1 0.4
2018-03-23 4.6 5.8 1.1 0.3
2018-03-24 58.7 1.8 0.5 0.2
2018-03-25 0.0 5.3 1.2 0.5

Note: all evaporation values corresponds to the water vapor produced from the forest floor
up to the specified height.

mist events were linked with superficial soil temperatures higher than 2 ∘C with re-
spect to air temperature. Finally, the vapor plumes were visible only during rainy
conditions on 2018-03-24 (videos available at Jiménez-Rodríguez et al. (2019b)).
Soil temperatures during this day were warmer than the air column along the forest
canopy (Figure 4.2).

Evaporation during sunny days provided the conditions to form vapor plumes as
those ones described by Cooper et al. (2006) and Kao et al. (2000). The evapora-
tion peaks during these days occurred around noon, registering a 𝑧lcl higher than
500m (Figure 4.2) which is the height required to form clouds and be visible. This
is the reason why it is not possible to see the vapor rising from the surface. The
vapor plumes were visible on the day with continuous precipitation (2018-03-24).
On this day, the 𝑍lcl dropped beneath 100m because during rain events the 𝜃v of
all the air column dropped quickly. This drop kept the 𝜃v beneath the superficial
soil temperature, allowing a localized convection event. This convection process
forced the evaporated water to move upwards forming buoyant clouds close to the
forest surface. The evaporation during rain events is the result of the splash droplet
evaporation process (Murakami, 2006; Dunkerley, 2009), which can provide water
vapor as a consequence of the fragmentation of raindrops when hitting the surface.

Energy convection plays an important role in forest ecosystems during night
time (Bosveld et al., 1999). This is a consequence of the mass transport capacity of
the intermittent nocturnal convective fluxes (Cooper et al., 2006). The convection
process is forced by the ground heat flux (Jacobs et al., 1994), which is enhanced by
the larger soil moisture in the clay soil which increases the soil heat capacity (Abu-
Hamdeh, 2003). A coupled canopy system enables sensible heat and water vapor
transport from the soil to the atmosphere just above the canopy layer (Göckede
et al., 2007). This facilitates the generation of the convection process, allowing the
ascending warm air to cool down at the canopy top and condensate forming the vis-
ible water vapor plumes. The condensation releases heat (Goosse, 2015), driving
the convection. Vapor plumes are always present as a consequence of the moisture



4

56 4. Drop, drop, drop, and the vapor goes

E
 (

m
m

 h
r 

−1
)

0.
0

0.
5

1.
0

1.
5

2018−03−21 2018−03−22 2018−03−23 2018−03−24 2018−03−25 2018−03−26

θ v
 (

°C
)

20
25

30

2018−03−21 2018−03−22 2018−03−23 2018−03−24 2018−03−25 2018−03−26

2018−03−21 2018−03−22 2018−03−23 2018−03−24 2018−03−25 2018−03−26

z
lc

l (
m

)

1
2

5
25

10
0

10
00

2018−03−21 2018−03−22 2018−03−23 2018−03−24 2018−03−25 2018−03−26

∆θ
v

∆z
−

1.
5

0.
0

1.
5

2.
5

twr$doy

0.
40

0.
42

0.
44

0.
46

0.
48

Θ
 (

m
3 m

 −3
)

twr$doy

P
( 

m
m

 m
in

−1
)

0
1

2

2018−03−21 2018−03−22 2018−03−23 2018−03−24 2018−03−25 2018−03−26

43m 8m 2m s.0 43m 8m 2m Θ P

Clear View Mist Plumes Canopy Height

Figure 4.2: Evaporation ( ), Virtual potential temperature ( v), lifting condensation level ( lcl) in an
untransformed semi–logarithmic scale and temperature gradient ( v ) at 43m, 8m and 2m height.
Additionally, precipitation ( ) and soil moisture ( ) are also shown during the visual monitoring between
2018-03-21 and 2018-03-25. Background colored areas denoted the three categories in which the
photographs were classified: Clear View, Mist and Plumes.



4.3. Results and Discussion

4

57

exchange between the surface and the atmosphere (Lawford, 1996), where evapo-
ration from land covers with enough water supply provides the required air moisture
(Kao et al., 2000). However, the conditions needed to form a visible buoyant cloud
close to the surface require a big difference in air temperature over height. Temper-
ature gradient at 43m, 8m and 2m is negative during plumes and mist conditions,
meanwhile clear view conditions has a larger range with more positive values (Fig-
ure 4.3).

Visible vapor plumes are the result of the condensation of water vapor rising
from a warmer surface. When a column of warm humid air reaches a lower density
than air above, the water vapor condensates around aerosols in the air allowing the
formation of clouds (Stull, 2016). In this regard, there are two sources of aerosols
at LSBS. One source is linked to windy carrying aerosols from nearby agricultural
land uses (Loescher et al., 2004). The second source is linked to convective rains
that characterize the dry season at LSBS. These rains transport from the free tropo-
sphere into the boundary layer the required aerosols for the condensation process
and later formation of clouds (Wang et al., 2016). Meanwhile the ”splash droplet
evaporation” process (Murakami, 2006) provides the main source of water vapor
after rain drops hit the canopy and soil surfaces.

Cloud formation usually happens high above the surface boundary layer where
the forest canopy is located, but available information of cloud formation close to
the forest canopy is scarce. The temperature gradient ( v ) at 43m, 8m and 2m is
negative during plumes and mist conditions, meanwhile clear view conditions have
a larger range with more positive gradients. Lifting condensation level is a key ele-
ment that allowed to differentiate between plumes and mist conditions (Figure 4.3).
The combination of variables such as 𝑍lcl, v , and 𝑃 allows to identify the forma-
tion of vapor plumes in Tropical Wet Forests (Figure 4.4). The 𝑧 is the height
in the atmosphere at which a parcel of moist air becomes saturated if experience
a forced ascent (Stull, 2016). It provides an estimate of the height at which the
clouds can be formed. The temperature gradient is an indicator of how easily a
parcel of air can be lifted (Spellman, 2012) and can be used as a proxy of the at-
mospheric stability. During unstable atmospheric conditions ( v <0) is more easy
to move upwards the parcels of air than under stable conditions ( v >0). Finally,
precipitation saturates the air column and provides the water vapor after the splash
droplet evaporation process on the canopy and forest floor surfaces.

During the full monitoring period at La Selva Biological Station, only 1.4% of
our study period accomplished the conditions required for the formation of visible
vapor plumes (precipitation, 𝑍lcl<100m and 0 > v > −1). These conditions dif-
fer from those needed to form mist. In a tropical wet forest in Costa Rica, fog and
mist formation happens before sunrise (Allen et al., 1972). However, fog does not
involve the upward convective flux needed for vapor plumes, while mist is affected
by this upward convective flux but without rain (Stull, 2016). Vapor plumes are
buoyant cloud formations with an identifiable shape (Spellman, 2012), main char-



4

58 4. Drop, drop, drop, and the vapor goes

Clear View Mist Plumes

−
0.

2
−

0.
1

0.
0

0.
1

0.
2

Temperature gradient at 43 m

°C
 m

 −1

Clear View Mist Plumes

−
1.

0
−

0.
5

0.
0

0.
5

1.
0

Temperature gradient at 8 m

°C
 m

 −1

Clear View Mist Plumes

−
2

−
1

0
1

2 Temperature gradient at 2 m

°C
 m

 −1

Clear View Mist Plumes

0.
40

0.
42

0.
44

0.
46

0.
48

0.
50

Soil Moisture (Θ)    

m
3  m

 −3

●
●●●●●●●●●
●●

●●●

●●●
●

●

●

●●●●●●●●●●

●●●●●●●

Clear View Mist Plumes

1
10

10
0

10
00

10
00

0

Lifting Condensation Layer at 43 m (Z lcl )

m

●●●●●●●●●●●●●●●●●

●●

●●

●●●●●●

●●●●●●●●●●●●●●●●●●●●●

●●●●

●●

●●
●●●●●●●●
●

●●●●●●●●

●●●

●

●

●●●

●●

●●●●●

●●●●●●●●

Clear View Mist Plumes

1
10

10
0

10
00

10
00

0

Lifting Condensation Layer at 8 m (Z lcl )

m

●●
●●

●●●●●

●●

●●●●●●

●●●●●●●●●●● ●●●●●●●●●●
●

●

●●●●
●●●●●●●●●●●
●●●
●
●●

●●●●●●●●

●●●

●●●●●●●●●●●●

Clear View Mist Plumes

1
10

10
0

10
00

10
00

0

Lifting Condensation Layer at 2 m (Z lcl )

m

Clear View Mist Plumes

0
5

10
15

20
25

30

m
m

Accumulated Precipitation (P )

Figure 4.3: Boxplots describing the temperature gradients ( v

z
) and lifting condensation level (Zlcl) at

43m, 8m and 2m, as well as soil moisture ( ) and total precipitation ( ) of the three visual categories
evaluated.



4.4. Conclusions

4

59

0 > 
∆𝜃v.2m

Δ𝑧
> -1 

Zlcl.43m < 100 m 

-1 > 
∆𝜃v.2m

Δ𝑧
 

Zlcl.43m < 10 m 

- - 

- - 

Visible Vapor 
Plumes 

Mist Clear View 

P > 0 P = 0 - - 

Figure 4.4: Simplification diagram describing the required conditions to form visible vapor plumes in a
Tropical Wet Forest and the differences between mist and clear view conditions.

acteristics that allow the differentiation from fog and mist events. While mist and
fog are formed by microscopic water droplets floating in the air which can reduce
the visibility to less than one kilometer in the case of fog or a lesser extent with the
mist (Spellman, 2012).

4.4. Conclusions
The visual monitoring captured the formation of visible vapor plumes close to the
surface boundary layer of a Tropical Wet Forest (TWF) during rainy conditions.
These visible plumes are the visual evidence of evaporation processes happening
during rain events, where the splash droplet evaporation process provides the re-
quired water vapor to form visible vapor plumes. This water vapor is part of the
intercepted water evaporated from the forest floor and plant surfaces since transpi-
ration is reduced by the low vapor pressure deficit. It is raised up by air convection
driven by warm soil temperatures. Finally, condensing close to the forest canopy
due to the drop in the virtual potential air temperature along the forest air column.
Consequently, this phenomenon can be identified in TWF when precipitation oc-
curs, the lifting condensation level at 43m height (𝑍lcl) is lower than 100m, and
the temperature gradient ( v ) at 2m height is between 0 and -1 ∘Cm . Contrary
to the vapor plumes, mist appear when no precipitation occurs (𝑃 = 0), 𝑍lcl at
43m is less than 10m and v is less than -0.5 ∘Cm . This work also brings the
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attention to the forest evaporation role during rain events, where little information
is still available.
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The tale of a tree and a shrub

The effect of two plant covers on the soil water conditions in arid
environments

Sandy soils all around
with random spots and rows of green,

sucking water from below
wetting their roots for the Autumn to come.
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5.1. Introduction
Continental arid environments are characterized by excessive heat and variable
precipitation distributed all over the year, with a tendency to a peak during summer
months (Abd El-Ghani et al., 2017; Salem, 1989; Bonan, 2002). These conditions
favoured the presence of a discontinuous vegetation cover characterized by banded
and spotted shapes, large size variability, and specialized plant species (Aguiar and
Sala, 1999; Bonan, 2002; Wainwright et al., 1999). The northern arid lands in China
are an example of this type of environment, where the landscape is shaped by eolic
erosion due to the high erodability of this soil type and the scarce ground cover pro-
tection (FAO, 2006; Huggett, 2007; Summerfield, 1991; Yang et al., 2005; Young,
1989). Consequently, desertification in this region registered a strong growth of
barren areas before 1999 (Han et al., 2015). However, after 2005 the plant cover
experienced a positive change reducing the areas affected by desertification thanks
to the rehabilitation and afforestation programs established in the region (Han et al.,
2015; Song et al., 2015). The current implementation of afforestation and agricul-
tural programs modified the landscape cover with additional crop areas. These
afforestation practices trigger a series of impacts to the environment due to the
inadequate selection of plant species (Cao et al., 2010, 2011). This increment in
vegetation cover reduces the local surface temperature (Peng et al., 2014) and af-
fects the local evaporation flux due to the increment of plant transpiration which
depends mostly on groundwater (Yang et al., 2012; Yin et al., 2014; Zhou et al.,
2013).

The evaporation (𝐸) of arid environments is mainly composed of soil evapo-
ration (𝐸s) and a small proportion of intercepted water by plant surfaces (𝐸i) and
transpiration (𝐸t) (Roberts, 1999; Savenije, 2004; Yaseef et al., 2009). The low pre-
cipitation rates underline the importance of soil water and groundwater availability
for the plants. Rainfall interception decreases the water infiltration rates of vege-
tated areas in respect to bare soil conditions in arid and semi-arid regions (Scanlon
et al., 2006; feng Zhang et al., 2015). This is the result of the quick evaporation
of the intercepted water on the leaves, branches, and stem of the plants (Roberts,
1999; Yaseef et al., 2009). The relevance of interception increases considering
the precipitation characteristics of the arid and semi–arid regions where the low
volume, high intensity, lower and irregular frequency hinder the plant water acqui-
sition (Wainwright et al., 1999). Due to the scarce water resources in these regions
the plants are adapted to quickly respond to environmental triggers such as the
irregular rains (Noy-Meir, 1973). Thus increases the soil water acquisition by the
plants and consequently its transpiration momentarily (Chesson et al., 2004; Ivans
et al., 2006).

The plant root system provides anchorage for the plant and an effective water
extraction system (Ogle et al., 2004) which is powered by the plant transpiration
(Hopkins and Hüner, 2008). This system absorbs the water close to the meris-
tematic region of the root, transporting it through the xylem towards the leaves,
and using it during photosynthesis (Cardon and Whitbeck, 2007; Curl and Truelove,
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1986; Hopkins and Hüner, 2008). However, the presence of young roots in soil lay-
ers does not mean effective absorption of water from those zones (Dawson et al.,
2002). Instead, some species are able to absorb water through suberized roots un-
der soft drought or winter conditions (Curl and Truelove, 1986; Hopkins and Hüner,
2008). As a consequence, the identification of plant water sources is a difficult task
that requires the use of tracers.

Determination of water sources for the plants has been successfully done with
the stable water isotopes oxygen (𝛿 O) and hydrogen (𝛿 H) (Evaristo et al., 2017;
Jia et al., 2012; Ogle et al., 2004; Nie et al., 2011; Palacio et al., 2017; Rossatto
et al., 2012; Swaffer et al., 2013; Voltas et al., 2015; Wang et al., 2010; Wei et al.,
2013; Zhou et al., 2013). The specific isotopic signatures of soil water is the result of
a fractionation process that modifies the isotope composition (Barbeta et al., 2018;
Geyh, 2000), allowing to trace the water paths within the ecosystem (Leibundgut
and Seibert, 2011). The isotope signature of the absorbed water is not modified
by plant uptake until the water reaches the photosynthetic tissues (Dawson et al.,
2002; Ogle et al., 2004). Here, the leaf tissues will become enriched by the escape
of lighter isotopes (Butt et al., 2010). Althought the roots do not modify the soil
water during uptake, the isotope signature of xylem water is affected by mixing
processes when different water sources are used by the same plant. Barbeta et al.
(2018) briefly describe a series of analysis tools used for the determination of water
sources used by plants. Some of these methods are the bayesian isotope mixing
models such as SIAR (Parnell et al., 2010, 2013) and MixSIAR (Moore and Sem-
mens, 2008), or standard linear mixing models such as IsoSource (Phillips et al.,
2005; Phillips and Gregg, 2003). IsoSource model provides all the feasible combi-
nation of water source contributions keeping the mass balance principle. It uses
only the isotope signature of the water sources and the xylem water as the final
mixture. SIAR and MixSIR models require more complex data sets. These models
require the isotope signatures of the sources and mixtures as well as their standard
deviations and an enrichment factor. As a result, the models provide the statistical
uncertainties and the optimal solution for the analyzed mixture. The IsoSource tool
has been used to study sand dunes bushes, corn and cotton plantations, woody
species, and estuarine vegetation to determine the water sources of those covers
(Jia et al., 2012; Nie et al., 2011; Rossatto et al., 2012; Swaffer et al., 2013; Wang
et al., 2010; Wei et al., 2013). Thus can provide information of the origin of water
within the plant and if this water can be redistributed on the soil profile.

The implementation of afforestation programs in arid environments modify the
distribution patterns of local vegetation, influencing the ratio between transpiration
and evaporation ( t )(Zhu et al., 2015). These changes together with the usual
omission of interception of precipitation (Roberts, 1999; Walker and Langridge,
1996; Yaseef et al., 2009), the irregular rains (Wainwright et al., 1999) and the
large capacity to transpire soil water by arid plants (Schlesinger et al., 1987); exert
a lot of pressure on the scarce water resources of arid environments. This has
been the case with the introduction of Willow trees (Salix matsudana) and Willow
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bushes (Salix psammophila) in afforestation programs in the Hailiutu catchment
(Yang et al., 2012; Yin et al., 2014; Zhou et al., 2013). The transpiration of these
species increased the demand on the groundwater resource, however its influence
on the soil water conditions are poorly understood.

This chapter describe the effect of two land covers on the soil water conditions
after summer in arid environments. The monitoring included the soil moisture,
fine root distribution and transpiration fluxes that provided information about water
availability, access and use by the plants. Meanwhile the monitoring of stable wa-
ter isotopes collected from precipitation, soil water, groundwater and xylem water
linked the water fluxes. This information provided an indication of the vegetation
influence on the soil water conditions beneath the covers.

5.2. Methods: Assessing plant cover in arid environ-
ments

5.2.1. Study Site: Temperate Shrubland
The study site is located within the Hailiutu catchment (area: 2645 km ) in Yulin
County; Shaanxi province; Northwest China (Figure 5.1). This catchment is part of
the Maowusu semi-desert, which is characterized by undulating sand dunes over
and dominated by a xeric scrubland. The nearest meteorological stations (Dong
Shen: N 39.833° – E: 109.983°; Yanchi: N 37.800° – E 107.383°; and Yulin: N 38.233°
– E: 109.700°) described a semi-arid continental climate with a mean annual pre-
cipitation of 386.1mmyr and a mean annual temperature of 8.6 ∘C (seasonal
range: -17.4 ∘C to 27.1 ∘C) based on 12 years of meteorological records (period:
2000-2011). The soil type is classified as Calcaric Arenosols (ARc) with a high con-
centration of basic cations (Ca , Mg , K and Na ) and a pH value over 8.0; with
an excessive drainage due to its sandy texture (IIASA/FAO, 2012). The study site
is composed of two experimental plots located at 300m from each other. The first
plot is dominated by Willow bushes (Salix psammophila C. Wang & Chang Y. Yang)
and has an area of 625m (2 5m x 25m). The second plot covers 81m (9m x
9m) and contains mainly individuals of Willow trees (Salix matsudana Koidz.) and
Poplar trees (Populus simonii Carr.). In both plots soil water, groundwater, plant
parameters, and soil variables were measured between September and October,
2010.

5.2.2. Hydrologic Data
Meteorological data was retrieved from the stations Dong Shen (1459m a.s.l.),
Yanchi (1356m a.s.l.), and Yulin (1058m a.s.l.). The climatic data was downloaded
from the National Oceanic and Atmospheric Administration (NOAA) (NCDC, 2012).
This data set contains daily values of total precipitation (mmd ) and daily means
for temperature (∘C), dewpoint (∘C), wind speed (m s ), and atmospheric pressure
(mbar). Due the lack of solar radiation measurements in the selected study period,
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Figure 5.1: Geographical location of the experimental site and the meteorological stations Dong Shen,
Yanchi and Yulin used during the study period in the Shaanxi province, China. The experimental design
of both plots is shown on the bottom of the map.
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this variable was estimated according to Allen et al. (1998) for missing data. Once
all data were determined, the reference evaporation (𝐸o) in mmd was calculated
with the FAO Penman–Monteith equation (Allen et al., 1998). Soil moisture (Θ,
m m ) and groundwater level (ℎ, m) measurements were carried out to describe
the soil water dynamics in both sites. Soil moisture measurements were carried out
sporadically along the study period. The reference values of soil moisture in sandy
soils for permanent wilting point (ΘWP), field capacity (ΘFC) and saturation point
(ΘSP) were 0.05m m , 0.1m m and 0.46m m , respectively (Saxton and
Rawls, 2006). Soil moisture probes were located at 10 cm, 20 cm, 40 cm, 70 cm,
and 100 cm depth beneath each species. On the Willow bush plot two more depths
were monitored: 120 cm and 140 cm. Considering the presence of bare soil areas
within the plots, the soil moisture was also monitored at the same depths as Wil-
low bush. The groundwater level was measured on a daily basis from the ground
surface as the reference point in each plot. Groundwater depth from the surface in
both plots oscillates between 136 cm to 164 cm beneath the Willow bush plot and
between 150 cm to 172 cm beneath Willow tree plot (period between 21-08-2010
to 20-04-2011).

5.2.3. Water Sampling
Water samples were collected after each rainy day to determine the isotopic sig-
nature of the precipitation, groundwater, soil water, and xylem water throughout
the monitoring period. Soil water samples were taken with a soil moisture sampler
in both plots. The samples were collected at nine depths (10 cm, 20 cm, 40 cm,
70 cm, 90 cm, 110 cm, 140 cm, 150 cm and 160 cm), while the groundwater sam-
pling depended on the water head elevation during the samplings. Xylem water
was collected from an incision done at the twig of each tree; removing the bark,
phloem, and cambium to prevent the collection of fractionated sap water. The inci-
sion location was far from the meristematic region, avoiding the fractionation linked
to photosynthesis. Rain water was collected during the events to prevent fractiona-
tion by evaporation on an event basis. Each sample was sealed hermetically in 1.5
mL vials and transported to The Netherlands for their analysis. Stable water isotope
signatures of the liquid samples were expressed in 𝛿 values (h), representing the
relative deviation from Vienna Standard Mean Ocean Water (VSMOW) (Craig, 1961).

5.2.4. Plant Parameters
For each plot the plant densities (plants ha ), canopy heights (m), and leaf area
index (LAI, m m ) were measured to describe the stand conditions. Transpired
water (𝐸t) was monitored in the Willow shrubs establishing four ring gauges in an
individual of Willow bush at 35 cm height. Five probes were installed in an individ-
ual of Willow at 1.3m height. Each probe recorded the data at 10 minute intervals
and those were summarized in an hourly and daily time step. Total mobilized wa-
ter as transpiration was calculated with the product between the sapwood area
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and flow velocity. Considering the physiognomic differences between both plant
species, the sapwood area was estimated accordingly with the plant type. Willow
bush is a bush up to 4 m tall with numerous branchlets per plant (Wang and Chang,
1980), where most of the xylem within the branchlets is able to transport water.
As a consequence, the sapwood area was measured through the average diameter
of the measured branchlets. Willow tree is able to grow up to 10m height with
a symmetrical crown with a sole stem (Gilman and Watson, 1994). It has a clear
differentiation between sapwood and hardwood, allowing to measure directly the
sapwood from a tree wood ring obtained from the measured tree. The wood ring
area was measured from inked water transported by capillary rise within the active
sapwood sections. Sapwood area (𝐴) for the Willow tree was 274.6 cm and the
average area for Willow bush was 5.1 cm . Transpiration flow for each plant was
obtained though the empirical equation developed by Granier (1985).

The fine root system was described through the total root biomass (TRB, kgm )
and the root length density (RLD, cmcm ). The survey involved the collection of
80 samples of soil per species with an auger of 300 cm within a radius of 4.0m.
The sampling procedure was based on eight equidistant points from the stem to-
wards the canopy edge, extracting 10 samples per point until a depth of 150 cm
was reached. The samples were sieved to separate the soil from the roots, pho-
tographed on a scaled paper, and dried up following the procedure proposed by
Cornelissen et al. (2003) to determine the root length density (RLD, cm cm ). The
total root biomass was determined by weighing the dry cleaned roots with a digital
balance. The total root length (cm) was determined by processing the root images
with the use of the GIS free source software (www.gvsig.org). The total root length
density was obtained dividing the total root length (cm) by the core volumes (cm )
(Huang et al., 2015).

5.2.5. Data Analysis

Plant differences were determined using an Analysis of Covariance (ANCOVA) with
a pvalue of 0.05. Statistical differences were determined with a Tukey HSD analysis.
A Pearson correlation analysis was applied to evaluate the influence of meteorologi-
cal conditions on plant transpiration. All the statistical analyses are based on normal
distributions, so the normality, variance homogeneity and presence of outliers were
tested. The plant water source of transpiration was determined using the software
IsoSource (Phillips et al., 2005). This model provides the relative contributions of
soil water sources to sap flow in both species, based on the isotopic mass balance
principle. Consequently, the isotopic soil water contribution analysis followed the
“a posteriori aggregation” method proposed by Phillips et al. (2005). This method
allows the aggregation of sources with similar isotopic signatures based on specific
characteristics showed by the sources, reducing the number of contributing factors.
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5.3. Results
Total precipitation in 2010 was 401.0mmyr at the experimental site, registering
a slightly wet condition in respect to the regional average of 386.1mmyr . How-
ever, this amount of precipitation does not supply the reference evaporation (𝐸o)
of 1339.1mm yr at this site as a consequence of the irregular rain events (Figure
5.2). The 938.1mmyr difference between precipitation and reference evapora-
tion support the Arid Steppe classification due to its annual water deficit (Bonan,
2002; Kottek et al., 2006; Peel et al., 2007; Wainwright et al., 1999). September
and October 2010 registered 48.2 mmmonth and 40.5mmmonth of precipi-
tation accounting for 12.0% and 10.1% of the annual amount, respectively. The
water availability experienced during the study period allowed the presence of soil
moisture above the permanent wilting point (ΘWP) for sandy soils (0.05m m )
while the field capacity (ΘFC) was exceeded only in the deepest layers in both plots
(Figure 5.3). Additionally, soil moisture increases with depth in Willow bush and
Willow tree stands, keeping higher values than under bare soil conditions. Soil mois-
ture under both plant species has larger values in respect to bare soil condition until
a depth of 100 cm (ANCOVA, F= 37.91, p= 0.0000). Average soil moisture shows
the following order: Willow bush (Θ: 0.11m m ) > Willow tree (Θ: 0.10m m )
> Bare Soil (Θ: 0.08m m ).

Hourly transpiration differs in amount and timing between species. Figure 5.4
shows the differences along five days where the sap flux for Willow tree is remark-
ably higher than Willow bush. Willow tree shows a larger capacity to transpire
water with peak fluxes averaging 1549.1 g hr ; whereas Willow bush peaks do not
exceed 500 g hr on average. Daily transpiration rates in both species depict a
significant decreasing trend (ANCOVA, F= 36.09; n= 87, p= 0.0000) and a statis-
tical difference between total daily rates (ANCOVA, F= 63.05, n=87, p= 0.0000),
where Willow bush transport an average of 4.57 kg d being three times smaller
than Willow tree fluxes (12.82 kg d ). In addition, as transpiration is a physiologi-
cal response to environmental climatic parameters the Pearson correlation analysis
(p< 0.001) shows a significant positive correlation with temperature (r= 0.47) and
net radiation (r= 0.35); while wind speed (r= 0.05) and relative humidity (r= -0.27)
are not significant.

Rain during the study period has a wide range of isotope signatures. The evapo-
ration front is identifiable at 40 cm depth for Willow and at 20 cm for Willow bush in
both isotopes (Figure 5.5). The isotope signature of groundwater samples (Willow
Bush: 𝛿 O: -9.2h, 𝛿 H: -66.1h and Willow Tree: 𝛿 O: -8.59h, 𝛿 H: -60.66h)
lie close to the rain water signature, depicting the effect of local groundwater
recharge having a similar signature to local rains. Sap water signature in both
species seems to contain fractionated and non-fractionated water. However, both
stable isotopes do not show statistical differences between species (p> 0.05) as a
consequence of the wide variation in isotope signatures. After a preliminary run
of the IsoSource the soil water contribution to xylem water from deeper soil layers
show a similar proportion in both species. It showed that only the 40 cm and 10 cm
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Figure 5.2: Meteorological conditions registered during 2010 at the research site based on the data of
Dong Shen, Yanchi and Yulin meteorological stations
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Figure 5.5: Isotopic profile of the stable water isotopes sampled in both stands during autumn 2010.
Each boxplot describes the data set with the median (thick vertical line within the box), the first and
third quartiles (edges of the box), and the minimum and maximum values (whiskers).

soil layers provide a strong contribution in Willow and Willow bush, respectively.
Therefore “a posteriori aggregation” (Phillips et al., 2005) was performed, grouping
the soil layers according to their similarities between isotopic signatures, evapora-
tion front presence, and proximity within the soil profile. The grouping was settled
as: 0-30 cm, 30-60 cm, > 60 cm; including in the last soil layer the groundwater
due its isotopic similarity with the deeper soil waters. The IsoSource output shows
all the possible solutions to match the sap water mixture of 𝛿 H and 𝛿 O (Figure
5.6). The Willow tree stand shows a well-defined proportion of soil water contribu-
tions among the three water sources. The deep water source (> 60 cm) contributes
with a proportion lower than 0.08 to the sap water mixture, while the upper soil
layers (< 30 cm) provides between 0.28 and 0.48 of the mixed water, and the in-
termediate soil layers (30-60 cm) own the higher contribution values from 0.50 to
0.64. The clear differentiation between soil water sources in Willow is not visible
for Willow bush. This species shows overlapping contributions of the water sources
mainly for the superficial soil layers (0-60 cm), showing the deepest water source
a contribution ranging from 0.21 to 0.54 (Figure 5.6).

Plant densities differ between stands, where the Willow bush stand has the
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Figure 5.6: Root length density (RLD) and total root biomass (TRB) distribution along the soil profile,
and its relation with the relative contribution to sap water mixture of Willow tree and Willow bush based
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higher plant density (900 trees ha ) with an average height of 2.6± 0.6m. In con-
trast, the Willow tree stand has a plant density three times smaller (300 trees ha )
but with higher trees (3.5± 0.5m). However, the LAI is affected by the leaf size
and canopy diameter of the individual plants, where Willow bush register a leaf
area index of 0.39m m which is twice smaller than Willow tree (0.68m m ).
Underground stand characteristics also differ between species. Willow trees fix a
larger root biomass beneath the 45 cm depth than Willow bush shrubs. Moreover,
the root length density distribution shows a bimodal accumulation in Willow bush:
at the soil surface (0-30 cm) and at mid depth (55-70 cm). Oppositely, Willow tree
has three sections with high RLD values. The first two sections follow the Willow
bush pattern, with an additional accumulation bellow 105 cm. The fine root distri-
bution in both species expressed as RLD, provide them a good system for soil water
acquisition for the superficial soil layers (Figure 5.6).

5.4. Discussion
The main differences in plant size, fine root distribution, and water uptake capacity
between Willow tree and Willow bush underline the importance of selecting plant
species with low water requirements in respect to their biomass for afforestation
programs. Willow tree is capable to withdraw up to 12.8 kg d of water, extracting
more than 90% from soil layers above 60 cm depth. This species is capable to make
use of the superficial soil water during the autumn period, even if the groundwa-
ter level is shallow. Conversely, Willow bush show lower transpiration rates not
higher than 5.0 kg d extracted uniformly from the whole soil profile including the
groundwater. This extraction pattern shown by Willow bush depicts a more effi-
cient root system acquiring water from different soil water sources due their fine
root distribution. During this period, both species extract more than 50% of the
water from the upper soil layers, taking advantage of the sporadic autumn rains
and residual soil moisture. These results are congruent with the behavior of Willow
bush during the growing season (May-July), where Willow bush uses water from
both sources: soil and groundwater (Zhou et al., 2013). On the other hand, the soil
water dependency during autumn of Willow trees differ in their summer behavior
as documented by Yin et al. (2014). During summer, Willow trees have access to
soil and groundwater to maintain their water consumption.

Shallow groundwater levels prevent desiccation processes in scarce rainfall en-
vironments, providing a vast water source for adapted plants that use the water
economically (Jiang and He, 1999). Even if both species do not differ in the root
amount, their vertical distribution shows different root spots. Willow bush root dis-
tribution displays two zones, supporting the hierarchy theory proposed by Schwin-
ning and Sala (2004). The Willow bush can withdraw water from rains as stemflow,
while the deeper roots can obtained from a constant source (groundwater in this
case). The fine root distribution beneath the Willow tree exemplifies woody patches
capacity to use rain water in a short time response (Midwood et al., 1998), as well
as the hierarchy theory of Schwinning and Sala (2004). The fine root distribution of
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Willow tree with three dense regions with RLD higher than 0.1 cmcm allow them
to use different soil water source depending on soil water availability.

The isotopic values of groundwater are similar to local rain water, depicting a
local groundwater recharge documented for the Hailiutu catchment (Zhou et al.,
2013). This is the consequence of the high capacity to infiltrate water by the sandy
soils (Yaseef et al., 2009). Consequently, infiltrated water will be available for longer
periods because soil water evaporation at soil depths between 10–30 cm can take
several weeks in arid environments (Noy-Meir, 1973). The shallow groundwater
recharge occurred during the previous growing season due to the high rainfall in-
tensities (> 5mmd ) between July and September. This phenomena has also
been documented by Li et al. (2007) in Taihang (China), reporting a daily ground-
water recharge with rains ranging from 3.2mmd to 3.8mmd . This recharge
capacity has been registered in the provinces of Shangxi and Inner Mongolia, gat-
tering from 9% to 12% of the long term annual precipitation (Scanlon et al., 2006).

Conversely to groundwater, the isotopic composition of the soil water in the
unsaturated zone is affected by the interaction between vegetation cover and soil
evaporation. Soil evaporation affects the isotopic signature of soil water in the
unsaturated zone providing particular signatures at different soil layers (Barnes,
1988; Brunel et al., 1995; Rothfuss et al., 2010; Schwinning and Ehleringer, 2001).
Meanwhile the plant cover type reduces the soil evaporation, where lower Θ in the
top soil layer (0-10 cm) were registered for Willow bushes in comparison to Willow
trees. Conversely, the high Θ under Willow bush in respect to Willow tree reflects
capacity to fix more root biomass below 40 cm depth. This enhanced the infiltration
capacity by the presence of a low plant cover with a large alive root system (Basche
and DeLonge, 2019; Fischer et al., 2015).

However, the stable isotope signatures of soil water beneath the plant cover
differs considerably. Beneath Willow trees, both isotopes depict the theoretical
evaporation front. This as a consequence of the evaporation process in the su-
perficial soil layers, enabling the generation of heavy isotope enrichment (Barnes,
1988; Li et al., 2007; Midwood et al., 1998; Sutanto et al., 2012; Wenninger et al.,
2010) (see Figure 5.5). On the other hand, beneath Willow bush only the 𝛿 O
profile shows the theoretical evaporation front. The homogeneity of 𝛿 H beneath
Willow bush indicates a recent redistribution of groundwater along the soil profile,
which can be linked to hydraulic lift processes carried out by this bush.

Lower evaporation rates during the study period depict a lower water need for
both species, that is visible in the diminution of sap flow rates. Solar radiation and
air temperature are the limiting factors for transpiration as it was showed by the
pvalues. The diminution of solar radiation and air temperature in the region are the
clear indication of the arrival of autumn (Bonan, 2002), which reduces the avail-
able energy for the plants to carry out the photosynthesis. Also, the access to the
groundwater reservoir allowed the plants to prevent dehydration, reducing the ef-
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fect of wind speed and relative humidity as triggers of the transpiration process as
it happens during summer with both species (Huang et al., 2015; Yin et al., 2014).
This reduction in water needs affects the water uptake of Willow tree, which reg-
istered a lower contribution of deep soil water sources while the water uptake by
superficial roots is more constant. On the other hand, Willow bush shows a high
dynamic root system which extracts water from all the available sources indiffer-
ently from the upper soil layers and a strong contribution of the deep sources. This
contribution is linked to the root distribution, keeping a high root length density
in comparison to the Willow tree. The groundwater dependency of Willow bush
(Zhou et al., 2013) implies a permanent deep water extraction during summer and
autumn, extracting more deep water than Willow trees during the autumn season.

Despite the few rains, water used of both plant species does not reduce the soil
water storage on the soil layers above 100 cm. This can be linked to the presence of
hydraulic lift, where the root system prevents the soil water depletion on upper soil
layers thanks to the redistribution of deeper soil water (in this case, groundwater).
The hydraulic lift allows the formation of water pools along the soil profile in water
scarce environments (Horton and Hart, 1998; Liste and White, 2008). This process
requires the movement of soil water by the potential difference between roots and
the soil (Brooksbank et al., 2011; Horton and Hart, 1998; Liste and White, 2008; Ni-
inemets, 2010), allowing the diffusion of water through the roots cell membranes.
The hydraulic lift had been identified in different plant species such as Prosopis
tamarugo, Artemisia tridentata, Acer saccharum and Madicago sativa (Horton and
Hart, 1998).

The hydraulic lifted water has an isotope signature close to the groundwater.
It is relocated during night periods (Caldwell et al., 1998) and once it is on the
superficial soil layers evaporation will happen affecting the isotope signature of soil
water (Dawson and Pate, 1996). This water relocation is maintained by Willow
trees, which despite the larger transpiration rates the soil water is not shortened.
Liste and White (2008) mention a Willow as a tree with the water redistribution
capacity, providing evidence related to the potential of Willow to use groundwater
through this process. Other tree species such as Eucalyptus kochii has the capac-
ity to redistribute groundwater (Brooksbank et al., 2011), or use it as an strategy
of competition in saline conditions like Juniperus phoenicea and Pistacia lentiscus
(Armas et al., 2010).

The replacement of bare soil areas with different plant covers none adapted to
arid environments, speed up the water use in those regions. Water needs of plants
such as the Willow tree are high and require a constant water supply (Gilman and
Watson, 1994; Yin et al., 2014). On the other hand, the use of plants adapted to
arid environments such as the Willow bush (Wang and Chang, 1980) ensure the
success of the afforestation programs without risking the scarce water resources.
The plant water use during summer months is the largest of the year, as a con-
sequence of the long light hours in temperate regions (Bonan, 2002). During this
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time of the year the newly afforested zones extract more water from the soil and
groundwater reservoirs. However, the diminution of solar radiation and tempera-
ture during autumn reduces the water demand by all the plants. These plants can
redistribute part of the groundwater to the upper soil layers, making it available
for the periods with no rains. Also, these plants have the capacity to reduce soil
evaporation thanks to the shadow effect of their canopy.

5.5. Conclusions
The presence of Willow trees (Salix matsudana) and Willow bushes (Salix psam-
mophila) reduced the effect of soil evaporation after summer, allowing a larger soil
moisture beneath both species than bare soil conditions. Also, the plant cover al-
lowed the soil moisture below 60 cm depth to be larger than the field capacity for
sandy soils. This augment in soil water can be linked to water redistribution thanks
to the presence of fine roots along the soil profile and the hydraulic lift carried out
by the plants. This process redistributes groundwater on the spots with larger fine
root allocation, enabling the plants to allocate water at night and using it later dur-
ing day time. Willow trees use more water for transpiration than willow bushes,
this difference in water consumption allows the Willow bushes to keep a higher soil
moisture after summer (Θ: 0.11m m ) followed by Willow trees (Θ: 0.10m m )
and bare soil (Θ: 0.08m m ). The larger transpiration rates of Willow trees with
respect to Willow bushes do not match with the water source of the xylem water as
it is shown by the IsoSource model. This is linked with the hydraulic lift capacity of
Willow tree, redistributing groundwater that is quickly affected by evaporation pro-
cesses. Fine root distribution along the soil profile allowed the water redistribution
and later absorption by both plants. This is supported by both species’ preferences
to withdraw water from the upper soil layers. The water use by Willow bush does
not show a strong differentiation among water sources. This species is capable of
extracting soil and ground water with different proportions according to water avail-
ability. On the other hand, Willow tree is able to extract soil water and groundwater
with specific proportions.
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6.1. Introduction
Evaporation plays an important role in the hydrological cycle (Yan and Qiu, 2016).
It is directly linked to the global energy balance (Coenders-Gerrits et al., 2020) and
represents the second largest flux after precipitation (Coenders-Gerrits et al., 2014;
Miralles et al., 2011a; Wallace, 1995; Wang et al., 2014). A large fraction of the
evaporation in forest ecosystems is product of transpiration processes (Coenders-
Gerrits et al., 2014; Schlesinger and Jasechko, 2014). Evaporation processes are
affected by the vegetation distribution along the canopy, which affects the within–
canopy microclimate (Kumagai, 2011). Parker (1995) defines the forest canopies as
all the branches, leaves and twigs located between the forest floor and the canopy
interface with the atmosphere. The forest floor is made up of the uppermost layer
of soil that includes organic debris (litter) and various vegetation growing attached
to it as mosses (Parker, 1995; Nadkarni et al., 2004). Forest floor evaporation plays
an important hydrological role as it contributes to the water and energy exchange
of forest ecosystems (Heijmans et al., 2004; Sato et al., 2004). It includes the 𝐸i
from litter and 𝐸t from small plants such as mosses, seedlings and ferns, growing
on the forest floor. This process is further influenced by the available energy, wind,
soil moisture, humidity, temperature and hydraulic soil properties (Baldocchi and
Meyers, 1991; Raz-Yaseef et al., 2010).

Stable water isotopes are useful tools to trace the water paths along the hydro-
logical cycle and have been applied to examine water fluxes in forest floors (Sutanto
et al., 2012; Dawson and Simonin, 2011; Sprenger et al., 2017b; Magliano et al.,
2017). Isotope enrichment and kinetic fractionation processes are the main factors
that determine the isotope signatures in the water (Kendall and McDonell, 1998;
Sprenger et al., 2016). Throughfall reaching the forest floor is characterized by
isotope enrichment in respect to rain water (Allen et al., 2016), as well as soil water
which has been affected by evaporation (Sprenger et al., 2016). Hence by sampling
the soil water we can gather information about different water fluxes within a for-
est ecosystem (Hsueh et al., 2016; Sprenger et al., 2016), where soil water uptake
by vascular plants does not affect isotopic water content (Ehleringer and Dawson,
1992; Guo et al., 2016). However, how non–vascular plants affect the soil water
isotope signatures is poorly understood.

Forest floor evaporation depends on its cover and the above lying ground layer,
understory vegetation and canopy structure; as they define the air movement rates
between the soil water and the air above the forest floor (Kumagai, 2011; Magliano
et al., 2017; Raz-Yaseef et al., 2010). Several studies have shown the effect of
bigger plants (crops, shrubs and tree species) on evaporation and fractionation
of water stable isotopes in the unsaturated zone of the soil (Allison et al., 1984;
Sprenger et al., 2017b). However, the influence of smaller plant species covering
the forest floor has not been studied yet. It is necessary to determine the area of
influence of any individual or group of plants, because it can modify specific soil
characteristics such as pH, electric conductivity or nutrient concentration (Casper
et al., 2003). Consequently, any change in soil conditions will affect the vegeta-
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tion growth and its response to climate patterns; where any change in the isotope
signatures of soil water will help us to understand physiological processes at local
scale. This chapter provides insights about the role played by specific forest floor
covers during the evaporation process. Also, define if there is any influence on the
isotopic signature of the soil water underneath the forest floor covers.

6.2. Methods

6.2.1. Sampling of forest floor covers

Different forest floor covers were selected beneath the canopy of a Douglas-Fir
(Pseudotsuga menziesii (Mirb.) Franco) stand in Speulderbos, The Netherlands
(see Figure 8.1 in Chapter 8). The forest understory is absent in this stand and the
forest floor is covered by three types of mosses, one species of fern and patches of
tree litter. The soil fermentation layer has different thicknesses ranging between
4 cm to 7 cm (Bosveld and Bouten, 2001; Tietema et al., 2002), with a predomi-
nance of fragmented and well decomposed plant residues with presence of fungal
hyphae; classifying this humus form as Mormoder (Green et al., 1993; Klinka et al.,
1997). The forest soil type has been described as Haplic or Cambic Podzol under
the FAO/UNESCO classification system due to the low soil differentiation among
layers (Koopmans et al., 1996; Tietema et al., 2002; Tiktak and Bouten, 1994).

The first sampled cover represents the litter layer made up of Douglas-Fir nee-
dles, twigs, small branches and cones (Fig. 6.1. A). This cover has different depths
depending on the adjacent trees. Therefore two depths were selected for the ex-
periment: 1 cm (Lit-1cm) and 3 cm (Lit-3cm); as these were representative for
the area. The third cover is Rough Stalked Feathermoss (Bra-rut; Brachythecium
rutabulum (Hedw.) Schimp.) which grows associated with stems and debris on
the ground (Furness and Grime, 1982; Edwards et al., 2010b; Fletcher, 1991) (Fig.
6.1. B). Thamariskmoss (Thu-tam; Thuidium tamariscinum (Hedw.) Schimp.) is
the fourth cover (Fig. 6.1. C). This species is commonly found on bare soils in
woodlands and amongst grass in damp places as it prefers neutral pH conditions
(Motley et al., 2010). The fifth cover is Haircapmoss (Pol-com; Polytrichum com-
mune Hedw.) (Fig. 6.1. D), which is characterized by wiry shoots, strong rhizoids
and thick leaves, allowing this species to draw water by capillarity from the fermen-
tation layer (Edwards et al., 2010a; Fletcher, 1991). The last cover represents the
bare soil condition composed of only the exposed fermentation layer (Bare-soil).
Each forest floor cover was harvested from the field by pushing an aluminum ring
of 25 cm in diameter into the ground, until the fermentation layer was reached.
The core was sealed within a plastic bag for transport to the laboratory and placing
it immediately in the lysimeter (see Section 6.2.2) once we arrived at the laboratory.
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Figure 6.1: Forest floor covers used in the experiment and collected in Speulderbos, The Netherlands.
Notes: Litter cover (A), Brachythecium rutabulum (B), Thuidium tamariscinum (C), and Polytrichum
commune (D).

6.2.2. Experimental Design
A lysimeter was built from a 25 cm diameter PVC (Polyvinyl chloride) cylinder with
a height of 18 cm and thickness of 5mm (Fig. 6.2). The device consisted of five lay-
ers: below the forest floor cover was a fermentation layer of 1 cm depth, followed
by 10 cm of mineral soil, then 5 cm of fine sand (grain size ≤ 0.25mm diameter)
and the last 2 cm were made up of coarse sand (grain size ≈ 2mm diameter) at
the bottom of the lysimeter to enhance the percolation process towards the lower
water reservoir. The soil material used to fill the lysimeter was collected from the
Speulderbos site. The device was filled two months in advance of the experiment,
adding water randomly and leaving it to dry out in order to stabilize the soil core
structure.

The device has two digital scales, allowing the continuous monitoring of the soil
column and percolated water weights. The system stored the data automatically
on a CR10X data logger every 5min. This setup was kept in a room with a con-
trolled temperature of 21±0.5 ∘C and a relative humidity of 50%. These settings
provided stable conditions during the experiment. A light-emitting diode (LED) for
indoor plant growing was installed at 1m above the lysimeter providing a photosyn-
thetic photon flux density of 100 𝜇molm s in a 12 hr cycle. In our experiment,
the soil depth reference (𝑧 = 0) corresponds to the boundary between the forest
floor cover and the fermentation layer. Soil water content (𝜃) in m m was moni-
tored at 5 cm depth with a ECH O® EC sensor and recorded on a USB Micro Station
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Forest Floor Cover

Fermentation Layer

Soil Layer

Sand Layer

Pebbles Layer

Percolation

Rhizon Soil Water Content

1 cm

2.5 cm
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7.5 cm

10.0 cm

15.0 cm

10 cm

5 cm

2 cm

25.0 cm

Scale 1

Scale 2

Campbell
unit

z = 0cm

Figure 6.2: Lysimeter design used during the evaporation tests under laboratory conditions for each
forest floor cover. Blue circles represent the location of the water extraction with the rhizons at 2.5 cm,
5.0 cm, 7.5 cm, 10.0 cm, and 15.0 cm depth. Each ring represents the different layers present in the
lysimeter. The dashed lines in the upper lysimeter layer shows the only layer that was replaced during
the experiment.

(HOBO® part code: H21-USB) every 5min.

Each forest floor cover was placed on the same soil column after the complete
set of measurements of each cover. This help to reduce the bias induced by dif-
ferent preferential flows. Additional PVC rings of 1 cm height were added at the
top of the device according to cover floor height. to keep the forest floor surface
at the edge of the lysimeter. Each ring added were attached with hot glue, adding
a maximum of three rings for Lit-3cm and Pol-com. Forest floor cover testing was
carried out in the following order: Bare-soil, Lit-1cm, Lit-3cm, Thu-tam, Bra-rut,
and Pol-com. Each cover was evaluated three times for six days on the lysimeter.
Unexpected data loss was experienced during some days due to logging issues with
the device.

The initial water conditions for each forest floor cover depicts the water hold-
ing capacity of the soil column. This was achieved by sprinkling water above the
soil column until percolation started and all the water was drained out, which took
approximately 2 hr until the percolation stopped completely. Evaporation was eval-
uated after percolation ceased. Water was added by sprinkling the soil surface until
the core started to percolate, thus ensuring complete soil core saturation. Three
water additions were done per forest floor cover and the samples were collected
along 6 days.
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6.2.3. Water Sampling
Sets of the sprinkled water and soil water were collected to determine the isotope
signature of the stable isotopes deuterium (𝛿 H h) and oxygen–18 (𝛿 O h).
Water extraction from the different soil layers was done with soil moisture samplers
of 10 cm length composed by porous plastic material with a standard porous size of
0.15 𝜇m (Eijkelkamp part number: 19.21.SA). The suction was applied daily during
two minutes. During sample collection a small amount of water (≈ 0.5ml) was
discarded at the beginning to ensure no contamination from previous sampling
extractions. Rhizons were located at 2.5 cm, 5 cm, 7.5 cm, 10 cm and 15 cm from
the boundary between the forest floor cover and fermentation layer (Fig. 6.2). All
water samples collected were stored in 1.5mL vials sealed with silicone caps to
prevent evaporation until their laboratory analysis. Stable isotope signatures were
determined with a LGR-Liquid Water Isotope Analyzer (LGR). The LIMS software
(version 10.083) for Light Stable Isotopes (Coplen, 2000) was used to perform
the correction and calibration of the isotope signatures data. Stable water isotope
signatures were expressed in 𝛿 values (h), representing the relative deviation from
Vienna Standard Mean Ocean Water (VSMOW) (Craig, 1961).

6.2.4. Data Analysis
Water fluxes (mmhr ) were determined through direct measurements and the
application of the mass balance method (Eq. 6.1) to estimate total evaporation (𝐸).
Daily sprinkled water (𝑃) was weighed before its application to the lysimeter, perco-
lation water (𝑄) and water storage change (dd ) were measured with the lysimeter.
As the evaluation of each forest floor cover started after 𝑃 and 𝑄 ceased we can
reduce equation 6.1 and link d

d directly to 𝐸 (Eq. 6.2).

𝐸 = 𝑃 − 𝑄 − d𝑆
d𝑡 (6.1)

𝐸 = d𝑆
d𝑡 (6.2)

Isotope fractionation of the soil water was evaluated using the Line-conditioned
excess (lc-excess) (Landwehr and Coplen, 2004) as a reference for the evaporation
process within the soil profile. lc-excess is based on the relationship between 𝛿 H
and 𝛿 O and their distribution along the Global Meteoric Water Line (GMWL) and
determined through equation 6.3 (Rozanski et al., 1993). Where 𝛿 O and 𝛿 H
represent the relative concentration (h) of both stable isotopes.

lc− excess = 𝛿 𝐻 − 8.2 × 𝛿 𝑂 (6.3)

6.2.5. Statistical Analysis
Parametric and non-parametric statistical analyses were used to compare the data
sets. All data fulfilling with the normality assumptions were tested with an Analysis
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of Variance (ANOVA) and a 𝑍-test to compare the slopes of the linear regressions.
lc-excess differences among soil depths and forest floor covers were determined
with the ANOVA (p=0.05). The sampling depth (𝑧) was used to determine the
evaporation front, comparing afterwards the differences among floor covers on the
evaporation front. When significant differences were present (p<0.05) a Tukey-HSD
test (p=0.05) was performed (Tukey, 1949). The similarities among soil evapora-
tion lines were evaluated comparing the differences among linear regression slopes
(𝐵) with the 𝑍-test (Eq. 6.4), where the 𝑍value is compared to the student dis-
tribution (𝑡value, p=0.05). This test makes paired comparisons using the slopes
of two equations under analysis (𝐵 and 𝐵 ) and the standard error of each slope
(SEB1 and SEB2) is determined through the linear regression (Clogg et al., 1995;
Paternoster et al., 1998). The evaporation among forest floor covers was evaluated
with a Kruskal-Wallis test (p=0.05) and a pairwise Wilcoxon rank test to identify the
differences among covers (p=0.05). The entire statistical analysis for water fluxes
and isotope data was performed using R (R Core Team, 2017).

𝑍 = 𝐵 − 𝐵

√SEB1 + SEB2

(6.4)

6.3. Results
6.3.1. Evaporation rates
Total evaporation over the entire period varied a lot among the tests. Bare-soil
evaporated on average 1.49mmd and was the only forest floor cover with out-
liers (Fig. 6.3). Despite the two outliers, Bare-soil keeps a small standard deviation
as well as Bra-rut. Evaporation from Bare-soil is exceeded only by Thu-tam with
1.61mmd , with the highest standard deviation among all covers. The remain-
ing covers show evaporation values below 1.0mmd , with Bra-rut and Lit-3 cm
showing lower evaporation values of 0.70mmd and 0.71mmd , respectively.
Finally, Lit-1 cm and Pol-com evaporated 0.88mmd and 0.95mmd . The forest
floor covers with the highest standard deviations (Thu-tam, Lit-3cm and Pol-com)
depict differences between the median and mean evaporation values, denoting dif-
ferences on the data distribution (Table.6.1).

Evaporation values are not normally distributed according to the Shapiro-Wilk
normality test (W=0.8672, p<0.0001). The Kruskal-Wallis test reveals significant
differences among forest floor covers (𝜒 =26.54, p<0.0001). A Wilcoxon rank test
was applied to evaporation values to evaluate differences among the covers, finding
two homogeneous groups. Bare-soil and Thu-tam are the covers with the highest
evaporation while the remaining four covers showed considerably lower evaporation
values (Fig.6.3). Bare-soil is depicted as the highest evaporative forest floor cover,
with a median of 1.54mmd followed by Thu-tam with 1.36mmd . The lowest
evaporation was registered by Lit-3cm with a median of 0.55mmd , followed by
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Figure 6.3: Evaporation rate differences among forest floor covers. Solid black squares are the average
values, the horizontal line is the median, the boxes cover from the first to the third quartiles of data,
the circles represent data outliers, while the upper and lower whiskers are the maximum and minimum
values respectively. Equal lowercase letters do not have significant differences with a Wilcoxon rank test
(p = 0.05).

Bra-rut, Pol-com and Lit-1cm with 0.65mmd , 0.82mmd and 0.84mmd , re-
spectively (Table.6.1). Differences of evaporation rates affect the 𝜃 at 5 cm depth
(Fig. 6.4). These changes show Bare-soil with the lowest 𝜃 during the experiment
after percolation ceases. Litter covers have a wide variation of 𝜃, however the
higher 𝜃 of Lit-3cm depict the barrier effect of a deep litter cover. The presence
of Pol-com and Bra-rut diminishes the losses of soil water by evaporation, while
Thu-tam increases the evaporation process from the soil.

6.3.2. Isotope signatures
Sprinkled water showed a homogeneous isotope signature along the study period
(𝛿 H: -45.52±1.16h, 𝛿 O: -6.6±0.33h), lying on the GMWL. Isotope signatures
of all the soil water is plotted below the GMWL (Fig.6.5). Isotope signatures from all
the soil depths beneath Pol-com and Bra-rut show no strong differentiation among
soil depths. However, signatures of the superficial layers of the remaining forest
floor covers (Bare-soil, Lit-1cm, Lit-3cm and Thu-tam) are located on the more frac-
tionated end of the evaporation line of each forest floor. Soil water from Lit-3cm
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Table 6.1: Summary of the linear regression coefficients of the evaporation lines and line conditioned
excess analysis for each forest floor cover used in the experiment. Equal lower case letters on the same
column do not show statistical differences (p=0.05).

Forest Floor Cover Evaporation Linear lc-excess
Type Depth Mean Median regression Evaporation front Sprinkled water

(cm) (mmd ) (mmd ) slope (h) (h)
Bare-soil 0 1.49 1.54b 3.44a -12.80b 6.84
Lit-1cm 1 0.88 0.84a 3.47ab -16.28c 8.11
Lit-3cm 3 0.71 0.55a 3.20c -22.85d 9.73
Thu-tam 3 1.61 1.36b 3.17bc -18.51c 9.57
Bra-rut 3 0.70 0.65a 3.01c -15.85c 9.57
Pol-com 4 0.95 0.82a 3.18c -9.06a 8.59

shows the most fractionated isotope signatures from all the covers (Fig. 6.5).

Soil water evaporation modifies the isotope signature along the soil column, cre-
ating a straight line pattern similar to the evaporation line of water bodies (Gibson
et al., 1993). All evaporation lines from the forest floor covers are statistically sig-
nificant (p <0.05), with slopes ranging from 3.0 to 3.5 and intercepts ranging from
-22.0h to -25h (Fig. 6.5). Soil water from all covers is distributed along a similar
evaporation line, however the 𝑍-test shows statistical differences among the slopes
of the evaporation lines per forest floor cover. Lit-1cm and Bare-soil similarly affect
the isotope concentration of the soil layers beneath, while the other forest floor
covers show similar isotope signatures (Table. 6.1).

lc-excess shows statistical differences among soil depths (Fvalue = 120.6, pvalue
<0.001, n = 323) showing two groups: the upper layers (2.5 cm and 5 cm) and
the lower soil layers beneath (7.5 cm, 10 cm, 15 cm). This allows us to define the
evaporation front of all the forest floor covers along the first 5 cm of the soil column
(Fig. 6.6). Additional differences among forest floor covers on the evaporation front
were found (Fvalue = 44.2, pvalue <0.001, n = 128). The Tukey-HSD test grouped
the lc-excess on the evaporation front as follows: Pol-com had the lowest lc-excess,
followed by Bare-soil and the group formed by Bra-rut, Lit-1cm and Thu-tam. Lit-
3cm is the forest floor cover with the highest lc-excess value on the evaporation
front (Table 6.1).

The evaporation front is clearly present in the covers Bare-soil, Lit-1cm, Lit-
3cm, and Thu-tam, where the first 5 cm show a lc-excess below -20h. All the
other depths maintain a lc-excess value between -15h and -5h. From all the
covers, Pol-com tends to maintain a more homogeneous lc-excess signature below
the forest floor cover, with the clear absence of a fractionation front (Fig. 6.6).
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Figure 6.4: Hourly variation of the mean soil water content ( ) of each forest floor cover. Vertical
whiskers represent the standard deviation of each average.

6.4. Discussion
Evaporation from the forest floor covers is in the same range as those reported
under natural conditions (≈ 1.0 mm d ) for different moss species (Betts et al.,
1999; Price, 1991; Bond-Lamberty et al., 2011; Blok et al., 2011). Thu-tam evap-
oration is not unusual under natural conditions, whereas some moss species such
as Sphagnum rubellum can evaporate up to 4.5 mmd . This high evaporation is
possible due to a water table close to the surface, which gives the mosses access
to a constant water supply due to capillary rise (Price et al., 2009). Despite the
sandy soil type in the lysimeter and quick percolation, there was enough available
water to enable the evaporation process by the mosses. As a consequence there
is a lower regression coefficient of the evaporation line than the reported ones for
other bryophytes as Sphagnum sp. with an evaporative line slope of 3.8 (Price
et al., 2009). Soil water availability in a sandy soil can be linked to the organic
matter content of the soil (Leuschner and Ellenberg, 2017), however this variable
was not analyzed in this study.

The stable isotope concentrations of the soil water are affected by the forest
floor cover type, where both stable isotopes signatures (𝛿 H and 𝛿 O) show frac-
tionation in the upper soil layers, while the lower ones are affected by the mixing
of percolating water with the previous soil water. These concentrations indicate
the vapor transport zone within the soil and forest floor cover and suggest that the
evaporation zone is ranging from the ground cover surface until 2.5 cm depth. De-
spite the similarities between the total amount of evaporation, Pol-com and Bra-rut
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Figure 6.5: Dual isotope plot ( O and H) of sprinkled and soil water per forest floor cover. Both
global meteoric water line (Rozanski et al., 1993) and evaporation lines were added as references.
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lc-excess of the sprinkled water used for each forest floor cover.
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show reduced isotope fractionation within the first 5 cm of soil. The residual effect
of the previous forest floor cover in the lysimeter defines the isotope signatures
below the 7.5 cm depth, meanwhile evaporation and isotope diffusion are the main
drivers modifying the isotope signatures on the upper layers.

Evaporation is affected by the forest floor cover. Bare-soil conditions allow high
evaporation rates reaching a maximum of 2.0mmd . It is a result of the water
stored in the fermentation layer and within the first 5 cm of soil, as evident in the
changes of the isotopic signature. Changes in relative concentrations below the
7.5 cm are linked to water mixing processes and downwards leaching, modifying
the signature along the lower soil layers. Both litter covers (Lit-1cm and Lit-3cm)
show a high fractionation on the first 5 cm despite the low evaporation rates. This
implies additional processes than evaporation affecting the soil isotope signature
as isotopic diffusion. On the other hand, the presence of an alive cover allows a
reduction on the fractionation on the first 5 cm. These covers allowed a homog-
enization of the soil water signatures from the end of the Thu-tam test time and
leading to see almost equal signatures along the Pol-com test (Fig. 6.6).

The high Bare-soil evaporation highlights the importance of the buffer capacity
of litter and some mosses preventing higher evaporation rates from the exposed
fermentation layer (Blok et al., 2011; Deguchi et al., 2008; Magliano et al., 2017).
However, overlying forest floor covers on top of the fermentation layer have a dual
effect (Spieksma et al., 1997): reducing vertical vapor movement from the mineral
soil towards the surface (1); and increasing interception during the rain events (2).
The first dual effect in our experiment was found underneath Pol-com and Bra-rut,
as both moss species showed low evaporation and a homogeneous fractionation ef-
fect below the forest floor covers. The second effect was seen in Thu-tam, as this
moss species had the highest evaporation compared to the other forest floor covers.

Both litter layers (Lit-1cm and Lit-3cm) exhibited characteristics of a typical evap-
oration front, with the most fractionated isotope signatures close to the surface
(Giuditta et al., 2018; Sutanto et al., 2012; Sprenger et al., 2016). Despite this
strong signal, the evaporation of both forest floor covers remains among the low-
est. This is likely related to the porosity of the litter layer, which enables more
water to be temporarily stored as interception (second dual effect), allowing the
isotope signature to change through gas diffusion, whereas the litter layer shows
reduced evaporation but no isotope diffusion. This implies the need to reconsider
field sampling techniques for soil water and stable isotopes in cases where under-
story conditions are characterized by low vegetation patches, which may create
areas with unique isotope signatures different from the surroundings.

The capacity of bryophytes to absorb water is well known due to its prefer-
ence of moist environments (Leuschner and Ellenberg, 2017; Lawley, 2010; Glime,
2017), such as bogs, tundra forests and peat lands. They have the capacity to store
condensed water during early morning (before sunrise) and evaporate only after
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sunrise (Deguchi et al., 2008; Pypker et al., 2017). This process is naturally en-
hanced by the presence of a forest overstory layer as it helps to reduce dessication
(Nichols and Brown, 1980). In addition, the litter water interception had a closer
correlation with the non-decomposed litter mass which provides a major area to
store water (Jiamei et al., 2018). Needles and litter further intercept water and
allow the mosses to allocate and retain water on their surface. The moss species
Polytrichum commune (Pol-com) has the ability to store water between the leaves
and stem and has shown special water conducting abilities (Bowen, 1931; Heijmans
et al., 2004). This feature allows the absorption of water by the moss as well as the
quick evaporation from the surface under low humidity conditions. The evapora-
tion from all the mosses in our experiment represents the non reproductive phase,
because the bryophytes evaporation is triggered by low air humidity, which force
the water to move through the wax free cell walls towards the atmosphere. Con-
trary to the reproductive phase, where the sporophytes have stomata which allow
a fast water and nutrient movement towards the reproductive organs controlling it
evaporation flux (Glime, 2017).

6.5. Conclusions
Bare-soil and Thu-tam have the highest evaporation with 1.54 mmd and 1.36
mmd respectively, while all the other forest floor covers evaporate less than
1.0mmd . Litter and moss forest floor covers reduce evaporation of water stored
in the fermentation layer. Despite the similar soil evaporation lines, Bare-soil and
Lit-1cm have a different evaporation pattern than the other forest floor covers. All
these influence the lc-excess from the evaporation front, where Lit-3cm have the
highest fractionation with a lc-excess of -22.85h. The presence of an alive cover
allows a reduction on the fractionation on the first 5 cm. These results suggest a not
proportional relationship between evaporation and fractionation processes beneath
litter layers (Lit-1cm and Lit-3cm) and Bare-soil. Also, the lack of isotope fraction-
ation through the soil column under Pol-com reflects the evaporation dependency
on the water stored by the moss and not on the water available in the soil column.
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Comparing water vapor sampling techniques for stable isotope analysis

The water vapor comes from all around,
its footprint is quite strong,

it could be lost or found,
the only clue is its pale tone.
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7.1. Introduction
The use of stable water isotopes as tracers is a well known practice in environ-
mental sciences (Fry, 2006; Silvertown et al., 2015; Nielsen et al., 2018). Stable
water isotopes ( O and H) have been widely used to track different processes
such as precipitation (Allen et al., 2016; Ingraham, 1998), percolation (Kendall and
McDonell, 1998), runoff (Gou et al., 2018; Song et al., 2017), plant water use
(Dawson and Ehleringer, 1998; West et al., 2006a; Rothfuss and Javaux, 2017;
Schwendenmann et al., 2015; Wang et al., 2017) and soil evaporation (Kendall and
McDonell, 1998; Xiao et al., 2018). Sampling techniques for precipitation, soil water
or river runoff require the direct collection of liquid samples. However, sampling
procedures to determine plant water use or evaporated water often involve va-
por samples. Water vapor samples such as transpired water or atmospheric water
are good descriptors of the evaporation process, which is considered the second
largest flux in the hydrological cycle (Coenders-Gerrits et al., 2014; Miralles et al.,
2011a; Wang et al., 2014). It is formed by water vapor originated from open water
evaporation, plant transpiration, soil evaporation and the evaporation of intercepted
water on wet surfaces (Abtew and Melesse, 2013; Savenije, 2004). Many studies
aim to determine the source of the water vapor (Wen et al., 2016; Xiao et al.,
2018). Evaporation partitioning has been carried out with hydrometric data sup-
ported with water stable isotopes (Blyth and Harding, 2011; Dubbert et al., 2017;
Lawrence et al., 2007a; Silvertown et al., 2015; Wang and Yakir, 2000). However,
the sampling of water vapor is a difficult task since some methods (e.g., cryogenic
extraction, cryogenic bath) involve a physical change (Fischer et al., 2019; IAEA,
2016; Orlowski et al., 2016).

Currently, the estimation 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) determine the water vapor signature of evaporation origi-
nated from open waters (Horita et al., 2008) and has also been applied in transpira-
tion and soil evaporation studies (Dubbert et al., 2013; Ferrio et al., 2009; Williams
et al., 2004). The high sensitivity of O to temperature makes some assumptions
of this model unreliable for the application in soil evaporation or plant transpira-
tion processes (Dubbert et al., 2013). The second method consists in a cryogenic
bath that allow the collection of atmospheric water vapor within a canister immerse
in a cooling agent (e.g.,liquid nitrogen) (IAEA, 2016; Kool et al., 2014), freezing
the water vapor conveyed at a constant air flow into the collection canister (He
and Smith, 1999; Sheppard, 1958; Wen et al., 2016). This sampling method for
isotopic analysis is only a reliable technique when recovery rate tends towards 1
(Griffis, 2013). An incomplete recovery of water vapor fractionates the water stable
isotopes following the Rayleigh distillation model (Kendall and Caldwell, 1998). The
consequences of incomplete sample recoveries are similar to the effects as studied
by Orlowski et al. (2018) for soil water extraction.

The most recent method involves direct measurements of the isotopic compo-
sition of water vapor using mass spectrometers or laser-based spectroscopy. This
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method has been carried out in Arctic conditions (Steen-Larsen et al., 2013, 2015),
oceanic climates (Steen-Larsen et al., 2014) and croplands (Wen et al., 2016). The
deployment of these devices in the field has a high demand of infrastructure such
as a cabin with controlled room temperature and a constant power supply. These
conditions exerts pressure on projects with reduced budgets or with remote access.
For these cases a way of sampling and storing water vapor in the field to later ana-
lyze them in the laboratory is needed. However, to the authors best knowledge, no
sampling bag has been tested for their applicability to quickly store water vapor in
the field and analyze the sampling bags with a mass or a laser-based spectroscopy
device in the laboratory.

While this sampling bag does not exist for air vapor, some authors have been
able to analyze the stable isotopes of water vapor from small volumes (< 1.0 L) to
determine the isotope signature of soil water samples under equilibrium (Gralher
et al., 2018; Hendry et al., 2015; Herbstritt et al., 2014; Wassenaar et al., 2008).
They underline the risk of water vapor diffusion through the wall container when
using equilibrium bags of different materials to determine the soil water isotope
signature. If their findings for equilibrium bags used in soil water measurements
hold for air water vapor samples as well, is still unknown. The aim of this chapter is
to evaluate different sampling procedures to collect atmospheric water vapor and
analyze the stable water isotopes. This experiment tested whether the stored mass
of water vapor sampled in the laboratory remained unchanged as well as whether
the isotope signature of the stored water vapor remains consistent in time. The
experiment includes three types of sampling bags to determine their suitability for
sampling, storing and analyzing water vapor isotopes. Also, the test includes the
sampling with a cryogenic bath. The results were compared against direct mea-
surements performed with laser-based spectroscopy.

7.2. Methodology
7.2.1. Instrumentation and Measurements
Adual phase Water Isotope Analyzer (WIA; model 912) from Los Gatos Research
(LGR) was used to determine the isotope signature of the water vapor and liquid
samples. The Water Vapor Isotope Analyzer (WVIA) setup connects the WIA to
the LGR Water Vapor Isotope Standard Source (WVISS; model 908-0004-9002).
This was used to provide a controllable flow of water vapor with a known liquid
standard measurement for an absolute calibration of the raw measurements of the
signatures of both stable isotopes: 𝛿 H and 𝛿 O. The WVISS was set to run the
automatic pump with the following voltages 3.0 V, 2.0 V, 1.5 V and 1.0 V to provide a
controlled water vapor mixing ratio (ppm) during the calibration of each set of sam-
ples, running each voltage for a period of 2 min. The dry air needed for the WVISS
was provided by the Dry Air Source (DAS) device from LGR. The device pumping
rate for all the samples was fixed at ∼ 90mLmin . The WIA and the WVISS were
attached to a Multiport Inlet Unit (MIU; model: LGR 908-0003-9002) for the au-
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tomatic control of eight inlets to measure multiple samples for specific periods of
time (Figure 7.1). The MIU has eight inlets for 6mm diameter tubing which allows
the development and attachment of different sampling devices. In all the measure-
ments, the first MIU inlet was attached to an altered air source. This altered air
source had a distinctive isotope signature compared to the samples. It was used
to identify the measurements of each individual sample with the order of the MIU
inlets during the post-processing of the data. The data obtained from this inlet was
not used during the analysis as it was used only as a distinction mark between sam-
ples. The altered air source was achieved by conveying laboratory air through a 2 L
borosilicate bottle that was filled with 1.5 kg of silica gel to modify the laboratory
air signature to a water vapor mixing ratio lower than 4000 ppm. All vapor samples
were measured for 5min with the WVIA, with sampling intervals of 5 s. The first
3 minutes were discarded by the memory effect, obtaining the average and stan-
dard deviation of each measurement based on the last 2 minutes of measurements.

Liquid samples (see Section 7.2.3) were measured with the Liquid Water Isotope
Analyzer (LWIA, see ”Liquid Mode” in Figure 7.1). This setup connects the WIA with
a liquid autosampler, injecting 900𝜇 L into a heating chamber for complete vaporiza-
tion of the water and transferred into the WIA for its measurement. The correction
and calibration of the isotope signatures of the liquid samples were performed with
the software Laboratory Information Management System (LIMS, version 10.083)
for Light Stable Isotopes, version 10.083 for Microsoft Access 2007–2013 (Coplen,
2000). Stable water isotope signatures of air vapor and liquid samples were ex-
pressed in 𝛿 values (h), representing the relative deviation from Vienna Standard
Mean Ocean Water (VSMOW) (Craig, 1961).

7.2.2. Water Vapor Isotopic Calibraton
Measurements of water vapor isotope signatures depend on the water vapor mix-
ing ratio (ppm) and the specific drift of the laser spectrometer of the WIA unit, which
makes it essential to correct each individual measurement (Aemisegger et al., 2012;
Rambo et al., 2011; Kurita et al., 2012; Steen-Larsen et al., 2013, 2014). The drift
of the used laser spectrometer was negligible, because the measurement period
was not longer than 6 hours every day. In addition, the thermal control within the
laser chamber provides stable measurements with a negligible drift as it is stated by
the manufacturer (LGR, 2019). The calibration was performed with a standard wa-
ter (𝛿 Ostandard: -14.4h, 𝛿 Hstandard:-104.9h) injected into the WIA at different
pumping rates depending on the pump voltage (see Section 7.2.1). The injection is
controlled by a built–in software package that managed the WVISS pump and the
DAS. This system allows the use of only one standard water to calibrate the isotope
signatures carried out with the WVIA. The calibration procedure was performed
every time the MIU start a new round of measurements. The measured isotope
signatures (𝛿 Hraw and 𝛿 Oraw) were calibrated using the correction factors (𝜙O
and 𝜙H) determined based on the dependency of the isotope signatures of standard
water (𝛿 Hstandard and 𝛿 Ostandard) to their water vapor mixing ratio (𝑤) in ppm.
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LA: Liquid Autosampler    
WIA : Water Isotope Analyser   
MIU : Multiport Inlet Unit     
DAS : Dry Air Source     
WVISS : Water Vapor Isotope Standard Source  
LIMS: Laboratory Information Management System 
R: Software for data processing and statistics 

LA 

Cavity Spectrometer 

MIU 
Port 1:      Altered Air Source 
Port 2-8:  Vapor Samples 

DAS WVISS 

Data Post-processing 
 

LIMS 
R 

Operating 
System 

Mixing 
point 

Liquid Peripheral 
Device (LWIA) 

Vapor 
Peripheral 
Device 
(WVIA) 

WIA 

Note:  Vapor and liquid samples are not 
analysed simultaneously by the WIA. 
The air samples were processed after 
the sampling. Then, the WIA was set 
into liquid mode to process the liquid 
samples collected with the cryogenic 
bath. 

Figure 7.1: Setup of the Water Isotope Analyzer (WIA) used in this experiment. The selection between
liquid and vapor mode depends on the type of samples to be analyzed.
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The polynomial coefficients 𝑎, 𝑏 and 𝑐 in equations 7.1 and 7.2 were determined
for every set of measurements per experiment (Rambo et al., 2011; Kurita et al.,
2012; Steen-Larsen et al., 2013, 2014). Each data point used in equations 2 and
3 corresponds to the last minute of measurements for each voltage, obtaining an
average based on 12 individual measurements for both stable isotopes and water
vapor mixing ratios. The calibrated values of each stable isotope (𝛿 O and 𝛿 H)
were determined with equations 7.3 and 7.4 (Rambo et al., 2011; Steen-Larsen
et al., 2013).

𝜙O =
𝛿 Oraw

𝛿 Ostandard
= 𝑎O𝑤 + 𝑏O𝑤 + 𝑐O (7.1)

𝜙H =
𝛿 Hraw

𝛿 Hstandard
= 𝑎H𝑤 + 𝑏H𝑤 + 𝑐H (7.2)

𝛿 O = 1
𝜙O
𝛿 Oraw (7.3)

𝛿 H = 1
𝜙H
𝛿 Hraw (7.4)

7.2.3. Experimental Design
The 3 types of sampling bags selected to store air samples were:
1. MPE: bags of 1 L made of methalized polyethylene and manufactured with a
five layer structure, with an aluminium layer in between (Commercial name:
Foil Bag). According to the supplier, the sample stability is 5 days for low
molecular compounds such as CH , CO , CO, and other non specified gases.

2. PVF: bags of 1 L made of polyvinyl fluoride (Commercial name: Tedlar Bag).

3. LDPE: bags of 1.1 L made of low density polyethylene used for filling packaging
spaces.

Both, MPE and PVF have been designed to be filled to 90% of its volume capac-
ity and every bag has a 2-in-1 polytretrafluorethylene (PTFE) fitting for the injection
and extraction of the air sample. Whilst the LDPE are fabricated with a simple valve
made from polyethylene as well, a special inlet was built to connect the LDPE to
the individual inlets of the MIU.

During a period of 3 hours, 18 air samples were collected per bag type (6 sam-
ples per hour) in the laboratory. Only 15 samples per bag type were used for the
analysis, leaving 3 samples as a backup for replacements if needed. Air samples
were collected manually with a medical cardiopulmonary resuscitation (CPR) bal-
loon with a conical plastic inlet that allows to push the air into the sample bags. This
device has a balloon with a volume of 1 L. It is made with sturdy Polyvinyl Chloride
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(PVC) with a Positive End-Expiratory Pressure (PEEP) valve to release the air when
excess of pressure is present. The isotope signature of water vapor was measured
from the stored air samples during a period of 16 days. The air was analyzed on
the sampling day (T ) and after 1, 2, 9, and 16 days after collection (T , T , T ,
T , respectively).

The additional set of water vapor samples collected with a cryogenic bath were
gathered in a second sampling day during four hours. These samples were col-
lected in duplicate with a cryogenic bath with a pumping rate of 3 Lmin within
the same laboratory. The cryogenic bath was built with a test tube of 50mL ca-
pacity immerse in a container filled with ethanol (100%) inside a cooler filled with
dry ice (-70 ∘C). The water collected in the test tubes was thaw and transferred to
a 1.5mL vial for its measurement after the experiment with the LWIA. During both
samplings, the WVIA was analyzing the laboratory air during the sample collection.
The isotope signature of the direct measurements performed with the WVIA was
used as Benchmark for the analysis.

7.2.4. Analysis
All data processing and analysis were performed with the software R (R Core Team,
2017). The consistency analysis of the isotopic signatures was performed compar-
ing the isotope signatures of the samples against the Benchmark. The cross com-
parison was performed with the 𝑍score analysis (Equation 7.5) (Orlowski et al., 2016;
Wassenaar et al., 2012), where 𝑆 is the isotope signature (𝛿 H or 𝛿 O) of the bags
air water vapor and cryogenic water samples, 𝐵 is the benchmark isotope signature
(WVIA) and 𝜇 is the target variability. Differing from Orlowski et al. (2016) and
Wassenaar et al. (2012), 𝜇 was established as the isotope range measured with
the WVIA during the sample collection (𝛿 H: 2.0h and 𝛿 : 0.4h) considering
the transient condition in the laboratory. Thus, we adopted the limits proposed by
Orlowski et al. (2016) for classifying the samples as accurate (𝑍score<2.0), ques-
tionable (𝑍score: 2.0–5.0) or unacceptable (𝑍score>5.0).

𝑍score =
𝑆 − 𝐵
𝜇 (7.5)

7.3. Results and Discussion
Atmospheric water vapor mixing ratio during the collection of samples had a mean
value of 17930± 369 ppm. This mixing ratio changes with time during the different
days of measurement (Figure 7.2). Between the measuring days 2 and 9 the mixing
ratio drops from 18000 ppm to less than 14000 ppm, while towards the measuring
day 19 it increased with 1000 ppm more. This trend is tightly followed by the PVF
sampling bags, followed by the LDPE sampling bags with a larger difference and the
MPE with small variations respect to the atmospheric water vapor mixing ratio of
the samples collection. This data shows that all the sampling bags exchange water
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vapor from and towards the atmosphere with a different degree of magnitude.
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Figure 7.2: Boxplots describing the mixing ratio of atmospheric water vapor in ppm during the collection
of samples and the posterior measurement of samples.

The stable isotope signatures of the benchmark during the three hours of the
experiment were -15.61±0.14h and -115.12 ± 0.47h for 𝛿 O and 𝛿 H, respec-
tively. The benchmark represents the center point of both graph in Figure 7.3,
where the results of the consistency analysis are depicted. All the vapor samples
collected with the bags that were measured on the same sampling day are classi-
fied as accurate samples based on the 𝑍score (Figure 7.3 [A]). The isotope signature
of the laboratory air water vapor was not constant on the different days when the
measurements were performed. The orange samples marked as “Laboratory” in
Figure 7.3 [A] depict isotopic signatures of the air of the laboratory during analysis.
These differences in laboratory air signatures influences the measurement results
from all the air samples collected with the three types of bags but not all to the same
degree. The MPE samples are the only bags used in this experiment with almost
all measurements located within the accurate region of the 𝑍score plot (𝑍score<2).
Despite the accuracy provided with the MPE, the measurements are influenced by
the isotope signature of the air within the laboratory. All the measurements after
the sampling date with the LDPE and PVF bags are located within the questionable
region of the 𝑍score plot (𝑍score: 2-5), while the PVF samples from T are in the
unacceptable region (𝑍score>5). These sampling bags are influenced by the iso-
topic signature of the laboratory air considering its location close to the laboratory
signature during the measurements.
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The cryogenic samples (Figure 7.3 [B]) showed a better proficiency for the de-
scription of the isotope signature of the atmospheric water vapor of the laboratory.
During this sampling, only 3 samples were tagged as questionable samples while
their duplicates were tagged as accurate samples. These inconsistencies among
the quality of liquid samples collected with cryogenic baths depends on the ca-
pacity to collect all the water vapor from the conveyed air. These differences are
likely linked to a not perfect collection efficiency during the cryogenic sampling with
the cold traps (Griffis, 2013). However, as this is an open system that requires a
constant flow of air and cannot be closed as the batch distillation (Koeniger et al.,
2011; Vendramini and Sternberg, 2007), it requires to monitor the atmospheric wa-
ter vapor mixing ratio before and after the sample collection. This can be achieved
measuring the air temperature and relative humidity in both, the inlet and outlet of
the cryogenic bath. This information can be used to estimate the specific humidity
of the air and evaluate the efficiency of the cryogenic bath.

The Water Vapor Transmission Rate (WVTR) of each material provides insights
about the reason behind the variation in the stable isotope measurements and wa-
ter vapor mixing ratios, including the MPE bags. Thus, the WVTR defines the ability
of a film to transfer water molecules depending on the relative humidity gradient
(Kumaran, 1998; Keller and Kouzes, 2017). Note that the diffusion characteris-
tics of foil layered materials are directly influenced by temperature and air vapor
concentration (Pons et al., 2014). Among the 3 types of sampling bags in this ex-
periment, the MPE bags have the lowest WVTR reported (0.09 gm d ), followed
by the LDPE bags between 0.39–0.59 gm d and PVF with the highest value of
0.83 gm d (Keller and Kouzes, 2017; Tock, 1983).

The tendency of drift towards the signature of the laboratory air could be linked
to other factors such as welding quality between bag material and the valve (for
MPE and PVF bags), fitting issues between the tubing connecting the sample bags
to the MIU unit (all sample bags) or the inlet connection for the LDPE bags. In the
case of MPE and PVF bags, the manufacturer states that the bags should not be
filled more than 90% of their capacity like we did in the experiment. This prac-
tice could lead to the development of fissures between the air valve and the bag
material that in the case of PVF bags due to their brittle properties respect to MPE
of LDPE bags. An increment on the air pressure within the MPE bags can lead to
the detachment of the air valve from the layers in which it is welded. LDPE bags
are susceptible to leaking as a consequence of the inlet built with in-house mate-
rials that the presence of different joints can induce the filtering of the laboratory air.

The suitability of every sampling method to collect atmospheric water vapor in
the field will depend in their accuracy to keep unmodified the mass and isotope
signature of every sample (Peters and Yakir, 2010). However, the logistics (e.g.,
the location, the travel time from and towards the laboratory, basic research in-
frastructure on the field) and the project budgets play an important role on the
selection of the sampling methods. Assuming in this experiment the laboratory
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Figure 7.3: Dual plot for the Zscore of H and O of vapor samples. [A] is the main analysis of the
sampling bags and [B] is the cryogenic bath sampling.
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equipment (e.g., glassware, laser-based spectroscopy, air temperature and relative
humidity sensors) and logistics (e.g., all the expenses related to the travel costs to
the sampling) as fixed costs, the main difference will rely on the selected sampling
method.

7.4. Conclusions
This chapter investigates the consistency of different sampling techniques to collect
atmospheric water vapor for stable isotope analysis. The Low Density Polyethylene
(LDPE) and Polyvinyl Fluoride (PVF) bags are influenced by the Water Vapor Trans-
mission Rate (WVTR) of their material. The tested water vapor sampling techniques
differ in their ability to keep reliable measurements after sampling and are highly
susceptible to procedural errors. All the sampling bags perform well if the mea-
surements are carried out on the same day of the sampling, keeping 𝑍score values
within the accurate zone (𝑍score<2.0). However, if the samples are required to
be stored for longer periods the Methalized Polyethylene (MPE) bags are the best
option to obtain reliable signatures after the first day of storage up to two weeks
after sample collection. Atmospheric water vapor sampling with cryogenic baths
provides suitable accuracy when the collection efficiency is high. However, this re-
quires a suitable system to monitor the specific humidity of the air at the inlet and
outlet of the cryogenic bath. However, there is a high risk of incomplete conden-
sation leading to the collection of fractionated water samples. MPE sampling bags
are the more accurate and more expensive sampling method. The LDPE sampling
bag is the cheapest sampling method with the limitation that the samples should be
analyzed on the same day of collection. This method gives an additional restriction
considering the transport time and susceptibility to exchange water vapor with the
surrounding air. Finally, the cryogenic bath has an affordable price per sample if
the project collects samples continuously, maximizes the use of the supplies such
as the dry ice that tends, and monitor the collection efficiency with the estimation
of the specific humidity of the sampled air.
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8.1. Introduction
The introduction of Douglas-Fir (Pseudotsuga menziesii (Mirb.) Franco) trees in
European forest plantations started more than 150 years ago (Schmid et al., 2014).
This is the most abundant non-native tree species use in reforestation in Europe
(Da Ronch et al., 2016) and has been widely used in France, Germany and The
Netherlands (Bastien et al., 2013). The planted area in The Netherlands sums up
18 933 ha with most of the forest stands with ages between 61 to 80 years old
(van Loo and Dobrowolska, 2019). These stands are managed as monocultures
and mainly used for wood production (Derks, 2019). Douglas-Fir trees growing as
a monoculture allows the creation of different microhabitats (Winter et al., 2015)
that can affect local hydrological processes such as understory evaporation or soil
water storage. Unthinned stands of Douglas-Fir have lower critical values of soil
water storage than the thinned ones (Black, 1979). This influences the stand evap-
oration of this species because its dependency to soil moisture during the summer
months (Bosveld and Bouten, 2001; Jassal et al., 2009; Littell et al., 2008).

Most of the evaporation studies in forests are focused on the quantification of the
whole ecosystem (Paul-Limoges et al., 2020; Silva et al., 2017; Soubie et al., 2016;
Sun et al., 2016). However, the available studies addressing the influence of differ-
ent canopy layers is scarce. Based on the canopy classification given by Nadkarni
et al. (2004) and Parker (1995), dense stands of Douglas-Fir trees have a canopy
with three layers: overstory, understory, and forest floor. Overstory evaporation
of Douglas-Fir stands has been assessed by means of eddy-covariance, energy bal-
ance and water balance approaches (Bosveld and Bouten, 2001; Guerrieri et al.,
2016; Jassal et al., 2009; McNaughton and Black, 1973; Price and Black, 1990;
Soubie et al., 2016; Spittlehouse and Black, 1981; Unsworth et al., 2004). How-
ever, evaporation from the understory and forest floor layers has been measured in
rare occasions (Schaap and Bouten, 1997; Unsworth et al., 2004) and need further
research.

Evaporation partitioning in forest stands has often been carried out with the com-
bination of eddy-covariance and stable isotope techniques (Anderson et al., 2017;
Kool et al., 2014; Xiao et al., 2018). The eddy-covariance provided detailed infor-
mation about the fluxes (Kang et al., 2018), meanwhile the stable water isotope sig-
natures link the flux with the different sources of vapor (Zhang et al., 2018). These
links are related to isotopic processes such as fractionation, diffusion, and mixing
that change the proportion of heavier and lighter stable water isotopes (Dawson
et al., 2002; Gat, 2010; Gourcy et al., 2005; Lee et al., 2011). Thus allows the dif-
ferentiation of hydrological processes (Gibson et al., 2005; Gupta and Deshpande,
2005; Huneau et al., 2011; Jouzel et al., 2013; West et al., 2006a). This tracing
capacity is an useful tool to identify and quantify the evaporation process in forest
ecosystems, where the quantification of stable water isotopes in the air will provide
a better understanding of the evaporation along the forest canopy (Gemery et al.,
1996; Lee et al., 2006; Yakir and Sternberg, 2000).
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Sprenger et al. (2019) underline the importance of increasing the measurement
frequency in time and space of stable water isotopes to understand the dynam-
ics of hydrological systems. Here, the experimental design should include a larger
sample count to reduce the effect of atmospheric variability (Good et al., 2012).
High frequency measurements of stable water isotopes in the air can be done with
mass spectrometers and laser-based spectroscopy. This type of monitoring had
been carried out in artic environments (Steen-Larsen et al., 2013), coastal locations
(Steen-Larsen et al., 2014, 2015), agricultural lands (Wei et al., 2015), grasslands
(Wang et al., 2013), semi-arid environments (Gaj et al., 2016), and forest ecosys-
tems (Berkelhammer et al., 2013; Braden-Behrens et al., 2019; Sun et al., 2014;
Volkmann et al., 2016). Technologies such as laser based spectroscopy are a pre-
cise tool that allow the partitioning of evaporation (Zhang et al., 2010). However,
partitioning of forest evaporation with this methodology is still an ongoing topic
with few published examples (Sun et al., 2014). The application of new technolo-
gies need to be nurtured to understand the methodological uncertainties linked to
the monitoring processes (Sprenger et al., 2019).

Despite the available knowledge about evaporation in Douglas-Fir forest stands,
there is a gap about the role played by the understory and forest floor layers. Inves-
tigating how the evaporation process in an old growth forest takes place will allow
to determine the contribution of these layers. Also, the application of continuous
measurements of stable water isotopes will provide the tracing information aiming
to link the water vapor fluxes at forest stand. Thus, testing the performance of laser
based spectrometer in field conditions. The aim of this chapter is to measure the
evaporation of an old growth Douglas-Fir forest stand, partitioning its evaporation
according to forest structure. Also, to test the capacity of a commercial laser based
spectrometer to carry out continuous measurements of stable water isotopes in the
air at different heights along the forest canopy. The quantification of evaporation
was carried out with hydrometric data, whilst the stable water isotope signatures
(𝛿 O and 𝛿 H) were used as the water vapor tracers.

8.2. Methods
8.2.1. Study Site: Temperate Evergreen Needleleaf Forest
Speulderbos forest is located at De Veluwe region in the heart of The Nether-
lands (N: 52°15 4 –E: 5°41 24 ). This area was covered by an old Oak (Quercus
sp.) coppice planted in 1906 and harvested in 1960, enabling the establishment in
1962 of the actual land cover with a forest stand of 2.5 ha planted with Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) trees. The forest canopy has a height of
34m, with a leaf area index of 4.55m m , and a tree density of 571 trees ha
(Cisneros Vaca et al., 2018a,b; Schilperoort et al., 2018). A flux tower of 48m
is located in the center of Douglas-fir stand. Figure 8.1 shows the Douglas-fir
stand surrounded by broadleaved and coniferous tree species distributed in blocks
around the selected forest patch (Bosveld and Bouten, 2001; Schilperoort et al.,
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Figure 8.1: Location of the experimental site and forest tree species distribution in Speulderbos, The
Netherlands.

2018). These blocks are composed by native tree species such as Beech (Fagus
sylvatica L.), Pedunculate oak (Quercus robur L.) and Scots Pine (Pinus sylvestris
L.); as well as the introduced species Hemlock (Tsuga heterophylla (Raf.) Sarg.)
and Larch (Larix kaempferi (Lamb.) Carr.). The open areas located close to the flux
tower within the Douglas-Fir stand are forest clearings covered by litter, mosses and
sparse tree seedlings with less than 50 cm height. This area has an oceanic climate
(Cfb), with a yearly average temperature of 9.8 ∘C and an average precipitation
of 910mmyr (Sluijter et al., 2011). The experimental site is located on the top
of ice-pushed fluviatile deposits, enabling the aquifer recharge at De Veluwe due
the geological formation of the region (Bosveld and Bouten, 2001; de Vries, 2007;
Van Wijk et al., 2001). The topography is slightly undulating with smooth height
differences (Raj et al., 2014) with a well-drained soil and a groundwater table be-
neath at 40 m depth (Tiktak and Bouten, 1994). The soil has been classified as
Haplic Podzol or Cambic Podzol in the FAO/UNESCO classification system with a soil
texture range from fine sand to sandy loam (Van Wijk et al., 2001; Tietema et al.,
2002; Koopmans et al., 1996; Tiktak and Bouten, 1994).

The monitoring period of micro-meteorological conditions and sampling of pre-
cipitation for stable water isotope analysis had been performed since 2016. How-
ever, in situ water vapor sampling was carried out between 2019-08-14 and 2019-
09-25 on the flux tower located on the Douglas-Fir stand (Figure 8.1).
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8.2.2. Micro-Meterorological Data
Twomicro-meteorological stations were placed in the experimental site. One within
a 30m diameter plot established on the Douglas-Fir stand (Flux Tower) and in an
open area (Forest Gap) of 0.68 ha located at 300m from the forest plot (Figure
8.1). Both meteorological stations measured at 2m height the air temperature (∘C)
and relative humidity (%) with a 12-bit Temperature/Relative Humidity, model: S-
THB-M008; soil moisture (m m ) at 5 cm depth with a ECH2O™ EC-5, wind speed
(m s ) with an anemometer, model: S-WSB-M003; short wave radiation (𝑅is) with
a silicon pyranometer (model: S-LIB-M003) and precipitation (𝑃) with two different
rain gauges. Precipitation under the forest canopy represented the throughfall and
was collected with a half open PVC pipe of 210 cm length and 10 cm width that con-
veyed the collected water into a rain gauge (S-RGA-M002); while on the forest gap
the precipitation was measured with a Davis rain gauge (model: S-RGD-M002). All
variables were sampled every second and averaged every 5min in a HOBO Micro
Station (model: H21-USB). The data sets from both micro-meteorological stations
were used to determine the understory and forest gap latent heat flux (𝜌𝜆𝐸u and
𝜌𝜆𝐸fg, respectively) according to Equation 8.1 (Mallick et al., 2013):

𝜌𝜆𝐸 =
𝜌a𝑐p(𝑒s − 𝑒a)

𝛾𝑟s
(8.1)

where 𝜌𝜆𝐸 is the latent heat (Wm ) in both locations, 𝜌a is the air density
(kgm ), 𝐶p is the heat capacity of air (1.013x10 MJ kg ∘C ), 𝑒a and 𝑒s are
the actual and saturation vapor pressure respectively, 𝛾 is the psychometric con-
stant (Pa ∘C ) and 𝑟s is the surface resistance (sm ). Equation 8.2 (Schaap and
Bouten, 1997; Schaap et al., 1997) estimates 𝑟s based on soil moisture (𝜃). This
equation was developed for the same experimental plot, where the forest floor con-
ditions hasn’t changed.

𝑟s = −1.29 × 10 (𝜃 − 0.199) (8.2)

Latent heat (𝜆𝜌𝐸) above the canopy was estimated through the eddy-covariance
method with a sonic anemometer (CSAT3, Campbell Sci. Inc.) and an open path
gas analyser (LI7500, LI-COR Biosciences) installed at 47m height in the tower
(Cisneros Vaca et al., 2018b; Schilperoort et al., 2018). These instruments pro-
vided additional information such as air temperature, relative humidity and wind
speed at 47m. The eddy-covariance data was processed with LI-COR’s EddyPro®

software (LiCOR, 2016). The eddy-covariance data used in this chapter has quality
flags of 0 and 1 according to Mauder and Foken (2006).

Regional meteorological data was gathered from The Royal Netherlands Mete-
orological Institute (KNMI) for the period between 2017-01-01 until 2019-12-31
(KNMI, 2020a). The meteorological stations Lelystad (N: 52.458° –E: 5.520°, eleva-
tion: -3.70 masl), Deelen (N: 52.056° –E: 5.873°, elevation: 48.20 masl) and De
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Bilt (N: 52.100° –E: 5.180°, elevation: 1.90 masl) were selected due to their proxim-
ity to the research site (Lelystad: 31.7 km, Deelen: 24.7 km, and De Bilt: 38.1 km).

8.2.3. Sampling Design
Precipitation samples were collected on a monthly basis from 2016 until 2019.
It includes precipitation (𝑃) collected at the forest gap and throughfall samples
(𝑃tf) collected beneath the Douglas-Fir forest stand (Figure 8.1). Each sample was
collected with a rain gauge device designed following the recommendations from
Gröning et al. (2012). A 15 cm diameter funnel collected the precipitation into a
1.5 L bottle, conveying the water towards the bottom of the bottle through a 15 cm
tube of 9mm outer diameter. A 5m tubing of 6mm outer diameter connected the
air within the bottle and the environment to reduce vapour exchange.

Water vapor samples were collected at five heights along the flux tower (Fig.
8.2), with sampling points located on the forest floor (0m), below the canopy
(17m), on the canopy (27m), above the canopy layer (34m) and at the top of
the tower (47m). Air moves through a 3D printed radiation shield of 6 cm diameter
and 7 cm height (Ham, 2015) adapted to support a small fan at the bottom to allow
the air movement and a new top to hold a 6mm diameter sampling tube. This
device was placed on an pole extending 2.5m East from the tower. The sampling
tube at each height conveys the air along 50m towards an air pump at the bottom
of the tower, sucking the air at a rate of 3 Lmin for a travel time of less than
2min from the sampling point to the collection point. Before sampling starts the
pumps were running for 15min to ensure a continuous mixed air flow along the
entire tube length.

8.2.4. Analysis of Stable Water Isotopes
Stable water isotope signatures of O and H of liquid and water vapor samples
were obtained with a Water Isotope Analyzer (WIA; model 912) from Los Gatos
Research (LGR). Liquid samples were measured with the Liquid Water Isotope An-
alyzer (LWIA) and the vapor samples were continuously measured with the Water
Vapor Isotope Analyzer (WVIA) setup. A full description of both systems is available
in Chapter 7, section 7.2.1. Stable water isotope signatures were expressed in 𝛿
values (h), representing the relative deviation from Vienna Standard Mean Ocean
Water (VSMOW) (Craig, 1961). Correction and calibration of the isotope signatures
of liquid samples were performed with the software Laboratory Information Man-
agement System (LIMS, version 10.083) for Light Stable Isotopes, version 10.083
for Microsoft Access 2007-2013 (Coplen, 2000). Correction and calibration of the
isotope signatures of water vapor samples collected in the field followed the proce-
dure described in Chapter 7, section 7.2.2. The standard water used for the correc-
tion and calibration of the water vapor gas analyzer had a O and H signature of
-14.5± 0.1h and -104.6± 0.4h, respectively. Local meteoric water line (LMWL)
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Figure 8.2: Field sampling setup established along the flux tower in Speulderbos, The Netherlands. Air
sampling points are located at 2.5m away from the tower structure to reduce the tower influence on
the air flow. The air pumping system and collection points are located at the based of the tower in a
non acclimatized cabin.
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was determined from precipitation samples collected at the forest gap (Equation
8.3). This equation was used to determine the Line-conditioned excess (lc-excess)
of the water vapor samples collected along the tower according to Equation 8.4
(Landwehr and Coplen, 2004). All data analyzes were performed with the open
source software R (R Core Team, 2017).

𝛿 H = 𝑎 + 𝑏 × 𝛿 O (8.3)

lc− excess = 𝛿 H− 𝑏 × 𝛿 O− 𝑎 (8.4)

8.3. Results
The water vapor monitoring period includes the heat wave of 2019 experienced be-
tween 2019-08-23 and 2019-08-28 (KNMI, 2020b). Sporadic rain events occurred
during this period registering 73.8mm of precipitation and 39.9mm of throughfall
beneath the canopy (Figure 8.3). These values indicates that close to 40.0% of
the precipitation is intercepted by the canopy for its subsequent evaporation. This
estimate of precipitation interception does not include the contribution of stemflow
for the experimental plot which has been estimated in 1.1% of the precipitation in
2015 and 2016 for this experimental site (Cisneros Vaca et al., 2018b). Including
this stemflow, the precipitation intercepted by the canopy is ∼ 38.9%.

During the 42 sampling days the evaporation at 47m was estimated to be
154.1mm, with an average of 3.7mmd (Figure 8.3). Meanwhile at 2m height
on the understory evaporation was 8.4mm (0.2mmd ) representing the 5.5%
of the evaporation at 47m. Wind conditions also differ strongly above and below
the canopy in the Douglas-Fir forest stand. Wind speed at 47m has an average
of 3.0m s with a maximum speed of 6.3m s . At 2m height in the understory
the wind do not reach more than 1.5ms with an average of 0.08ms . Eddy-
covariance footprint shows that most of the water vapor measured at the tower
(∼ 95%) comes from more than 100m from the tower, with a dominant wind di-
rection during this period of South and South-West. This implies that most of the
water vapor did not originated at the Douglas-Fir stand, instead it could be the
product of evaporation at the nearest Beech, Scots Pine or Mixed forest stands (see
tree species distribution in Figure 8.1).
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Solar radiation varies widely among the sampling days, with daily maximum val-
ues oscillating from∼ 250Wm during the cloudy and rainy days up to 746.3Wm
during the sunniest day (Figure 8.3). The forest canopy blocks a large amount of
solar radiation, considering that the maximum solar radiation in the understory was
85.8Wm . This translates into a direct blockage of ∼ 88.5% of the solar radiation
received at the top of the canopy on a daily basis. Air temperature oscillates simi-
larly to solar radiation, however the differences between above and below canopy
are not that big. Maximum air temperature at 47m was 29.6 ∘C and a minimum of
7.2 ∘C. The air temperature difference at the understory is larger than at 47m, with
a maximum of 31.6 ∘C and a minimum of 6.7 ∘C.

Figure 8.4 shows the distribution of 𝛿 H and 𝛿 O in water vapor and precipi-
tation samples through boxplots and dual isotope plots. The boxplots of 𝛿 H and
𝛿 O show the similarities among water vapor samples. The dual isotope plot shows
the relationship of the air vapor samples respect to the LMWL of Speulderbos, and
the inserted plot depict the canopy effect on the throughfall samples.

Precipitation samples collected since 2016 defined a local meteoric water line
(LMWL) for Speulderbos as 𝛿 H = 7.12𝛿 O+3.65 (Table 8.1), while the through-
fall samples defined the following equation 𝛿 H = 7.31𝛿 O + 5.85. The equation
slopes of both, LMWL and LMWLu do not differ. Despite this lack of differences on
the long term, the dense canopy does affect the stable water signature of water on
its passage towards the forest floor. The inserted dual isotope plot in Figure 8.4
shows that throughfall samples have heavier isotope signatures than precipitation
samples. The precipitation samples collected during the water vapor sampling have
heavier isotope signatures than water vapor samples. These precipitation samples
have stable isotope signatures with differences of more than 5h and 40h for 𝛿 O
and 𝛿 H, respectively (Figure 8.4).

Table 8.1: Summary of the linear regression analyses to determine the Local Meteoric Water Line (LMWL)
for gross precipitation and throughfall samples (LMWLu).

Water Flux n R SE Regression Coefficients Normality Test
W

LMWL 63 0.944 4.108 3.65 ** 7.12 ** 0.989
LMWLu 65 0.958 3.72 5.85 ** 7.31 ** 0.993

Note: H O , n sample size, * is statistically significant (p 0.01), ** is
statistically significant (p 0.001), SE= standard error.

Stable isotope signatures of water vapor overlap among sampling heights during
the study period (Figure 8.4). All the samples are located along the LMWL with few
samples collected at 0m with lighter isotope signatures. These samples are de-
picted as outliers for both stable isotopes, O and H. The overlap of water vapor
samples around the LMWL happen continuously on a daily basis but with a differ-
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ent magnitude affecting the estimates of lc-excess. The bottom plot in Figure 8.3
shows the hourly variation of lc-excess for all the sampled heights. All the samples
show a sinusoidal daily pattern, with most negative values during night (1), cloudy
(2) or rainy days (3). Positive values in all the heights are present during the sunny
hours after midday (Figure 8.3).

The 10 days showed in Figure 8.5 aim to exemplified different meteorologi-
cal conditions experienced during the monitoring period. These conditions included
sunny days (e.g., 2019-08-24, 2019-09-13) and rainy days (e.g., 2019-08-15, 2019-
09-05). The plots in this figure show the hourly averages of precipitation, evap-
oration at 47m, relative humidity and wind speed both at 47m and 2m height.
Also, each plot shows the lc-excess calculated for the samples collected hourly at
different heights along the canopy.

Lc-excess of all heights followed a similar daily trend most of the time dur-
ing sunny (e.g., 2019-08-24) or rainy days (e.g., 2019-08-15, 2019-08-17). During
sunny days (e.g., 2019-08-24, 2019-09-13) the peaks of evaporation happen around
12:00, but the lc-excess changes abruptly towards more positive values than the
morning pattern (∼ 10h) after the peak of evaporation. On rainy days, the wind
speed at 47m has speeds larger than 3ms whilst below the canopy at 2m height
the air speed do not surpasses 1ms but is notoriously continuous. Few spikes
of evaporation can be identified in the rainy days, which are being triggered by the
drop in relative humidity at 2m and 47m (Figure 8.5, day: 2019-08-15, 2019-09-
07).

Despite the daily tendency of lc-excess in all the heights, the lc-excess at 0m
remained more negative than the other heights despite the sunny conditions (e.g.,
2019-09-13). During some rainy days (e.g., 2019-0-05, 2019-09-07, 2019-09-23)
the air at 0m has lighter isotope signatures than other heights. Under conditions of
low wind speed at 47m (e.g., 2019-08-27, 2019-09-05), the lc-excess at 27m has
more positive values during certain parts of the days differing from the lc-excess at
47m.
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Figure 8.4: Stable water isotope signatures ( H and O) of water vapor (47m, 34m, 27m, 17m,
and 0m), precipitation ( ) and throughfall ( tf) samples collected in Speulderbos. The dual isotope
plot shows the relationship between local meteoric water line (LMWL) and the samples. The red dots
and stars on the dual isotope plot represent the precipitation samples collected during the water vapor
sampling. The inserted dual isotope plot depict the relationship between precipitation and throughfall
samples during the monitoring period. The box plots of (upper–left) and O (bottom–right)
show the distribution of isotope signatures per sample type. Precipitation and throughfall samples were
collected between 2016 and 2019 and water vapor samples between 2019-08-14 and 2019-09-25.
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8.4. Discussion
The differences between precipitation and throughfall isotope signatures during
the monitoring period depict the effect of evaporative fractionation as described
by Allen et al. (2017). The evaporation happened during each precipitation event,
modifying the isotope signature when water passes through the canopy. Also, iso-
tope mixing processes are not discarded at canopy level but with minor effects.
This evaporation is not detectable by eddy-covariance due to measurement consis-
tency issues during precipitation events (van Dijk et al., 2015). Evaporation during
precipitation can be linked to the ”splash droplet evaporation” process (Murakami,
2006). This process is favored by the surface canopy area, which in Speulderbos
is fully closed. The water vapor signature during precipitation shows differences
between 47m and 27m (e.g., 2019-08-15, 2019-08-17). This shows the effect of
the tower footprint, which most of the time (> 95%) was calculated in more than
100m. This distance implies that most of the water vapor collected at 47m comes
from other forest stands on the surroundings such as the Beech, Scots Pine or Mixed
Forest blocks located South and South-West of the tower (Figure 8.1).

Douglas-Fir trees planted at high densities are able to close the canopies when
growing up, reducing the capacity of other plants to colonize the understory (North
et al., 2004). Consequently, the accumulation of litter reduces the soil water avail-
ability for seedling emergence and growth (Caccia and Ballaré, 1998). This con-
dition was found in Speulderbos where the trees closed their canopies, creating a
micro-habitat where few plants are able to growth under low radiation conditions
(e.g., mosses, ferns). The presence of only herbaceous vegetation reduced the
evaporation contribution of understory and forest floor. The absence of bushes
and shrubs reduces the local contribution to evaporation by transpiration. This
leaves the forest floor as the main contributor of evaporation from beneath the
canopy, explaining that less than 5.5% of evaporation comes from beneath the
canopy. This represents 0.2mmd which does not differ with the 0.23mmd
reported by Schaap and Bouten (1997). Despite the stand age difference between
both evaluations, the forest stand managed to keep unchanged some features such
as interception of precipitation as an example (Cisneros Vaca et al., 2018b).

Understory evaporation in Douglas-Fir stands ranges from 2% to 10% (Schaap
and Bouten, 1997; Unsworth et al., 2004) depending on the forest structure be-
neath the canopy. In Speulderbos, evaporation from beneath the canopy will rely
on mosses and litter as the main sources because the lack of a well defined un-
derstory. Evaporation from mosses depends on their capillary capacity to suck soil
water and soil wetness condition (Goetz and Price, 2015). However, the sandy soil
conditions in Speulderbos restricted the available soil water for the mosses, leaving
for evaporation only the throughfall they intercept. The forest floor patches cov-
ered with litter will contribute to evaporation by their interception capacity, which
depends on the layer thickness (Li et al., 2017; Prijono and Sukma, 2015). Water
vapor signatures at 0m during low wind speed beneath the canopy (e.g., 2019-09-
07, 2019-09-13, 2019-09-23) break apart from the isotope signature of the other
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heights. This allows to detect a different source of water vapor than along the
canopy. High wind speed conditions at 47m and 2m increases the water vapor
mixing at different heights (e.g., 2019-08-15, 2019-08-17).

Unthinned mature stands of Douglas-Fir transpire between 60% and 70% of the
evaporation (Unsworth et al., 2004; Van Wijk et al., 2001) and are able to intercept
up to 40% of the precipitation for its subsequent evaporation (Cisneros Vaca et al.,
2018a). The main source of evaporation in Speulderbos is linked to transpiration
(78%), considering that only 22% of evaporation comes from intercepted water
by plant surfaces during the monitoring period. Tree transpiration of this species is
strongly linked to vapor pressure deficit and solar radiation (Dekker et al., 2000).
Despite the occurrence of the heat wave during the monitoring period, there was
no diminution on local transpiration. This as a consequence of physiological adap-
tations on Douglas-fir trees that help them to photosynthesize even during periods
of water stress (Woodruff et al., 2007), while the cooler climate conditions in the
long term help them to create a greater drought resistance (Bansal et al., 2015).
Also, residence time of sap water in old growth Douglas-Fir trees reaches up to 79
days (Meinzer et al., 2006). This residence time is enhanced by the large amounts
of free water contained within the trees (Cermak et al., 2007), allowing the water
supply for transpiration processes.

The daily spikes of evaporation triggers the posterior peaks in lc-excess during
the sunny days (e.g., 2019-08-24, 2019-08-27, 2019-09-13). These peaks are no-
ticeable almost at all the heights, reaching differences of lc-excess close to 15h
respect to the morning values. This is linked to the transpiration process, which
tends to increase the flux of lighter stable water isotopes to the atmosphere (Far-
quhar et al., 2007; Sprenger et al., 2016). Isotope signatures of water vapor at
27m were expected to show the contribution of local evaporation in comparison
to the water vapor at 47m. Evaporation from Douglar-Fir trees is perceptible dur-
ing low wind speed conditions (e.g., 2019-08-27). Lower wind speed conditions at
47m reduces the mixing effect on the canopy layer, allowing to differentiate the
local source of evaporation from the surroundings.

The influence of nearby forest stands is not discarded considering the mixed con-
dition around the Douglas-Fir forest stand. This effect has been identified during
the evaporation partitioning of Quercus variabilis Blume forests in North China (Sun
et al., 2014), affecting the quantification of local transpiration based on stable wa-
ter isotopes. The immediate presence of tree species such as Fagus sylvatica, Larix
decidua or Pinus sylvestris could provide different water vapor isotope signatures
which mixed with the local isotope signature of evaporation. Stable water isotope
signatures of evaporation from Fagus sylvatica had shown important differences
between periods dominated and not by transpiration processes (Braden-Behrens
et al., 2019). This can contribute to the main isotope signature of water vapor
registered at 47m, considering the tree cover surrounding the Douglas-Fir stand.
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Braden-Behrens et al. (2019) mention the tubing effect when measuring the
air water vapor in a 44m meteorological tower in a Beech forest (Fagus sylvat-
ica L.). This can be minimized by using high pumping rates (Steen-Larsen et al.,
2014), allowing to remove the smoothing effect of mixing and interaction with the
tube walls (Massman and Ibrom, 2008). However, it is important to understand
how this technology performs when multiple tubing lines are being monitored in
a forest stand at different heights. The effectiveness of the water vapor sampling
method sacrifices short term measurements (2 measurements per hour) per height
for long term measurements on the experimental site (42 days). This increases
the variability of atmospheric conditions during the collection of each sample but
allowed to describe the daily variability in the middle term. Under these condi-
tions, the smoothing effect of mixing along the tubing has a minor effect in our
measurements because of the pumping rate used and that each measurement is
an average of 2 measurements. The setting used allowed to show under specific
meteorological conditions (e.g., low wind speed at 47m, high relative humidity at
2m) differences in isotope signatures of water vapor at different heights.

8.5. Conclusions
The closed canopy conditions of Douglas-Fir trees affect the presence of under-
story plants, reducing the contribution of evaporation from beneath the canopy.
Only 5.5% of the evaporation comes from the forest floor layer, assuming an ef-
fective vertical movement of the water vapor originated from beneath the canopy.
Most of the water vapor is originated from transpiration (78%), while the 22%
remaining is linked to interception of precipitation. However, the eddy-covariance
footprint and stable water isotope signatures showed that the water vapor mea-
sured most of the time corresponds to water originated from the surroundings and
not precisely from the Douglas-Fir forest stand. The setup used during this moni-
toring was able to depict the daily variability of isotope signatures of water vapor.
Identifying also during specific meteorological conditions the local source of water
vapor. Stable water isotope signatures are well mixed along the canopy profile as
result of the high wind speed registered most of the time. Peaks of more than 15h
in lc-excess values respect to the morning pattern are linked to tree transpiration.
These peaks occur during the sunniest days, including the heatwave at the end of
August. But only during the days with low wind speed it is possible to depict a
different stable isotope signature of the water vapor with a local origin.
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The water moves around the globe,
connecting the ground, the plants, and the atmosphere.

What does the vegetation do?
How does the vegetation play with the flux?
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9.1. Conclusions
Evaporation studies of forests are not so straightforward as for other ecosystems
such as croplands. The forests differ because they can not be described as a single
plant. Forest systems are complex, because they consist of different layering of
vegetation (Parker, 1995). Each layer has its own distinct features that affect evap-
oration as well as the availability of energy and water for the other layers (Kumagai,
2011). If one wants to fully understand forest evaporation one should consider two
ways of evaporation partitioning:

• The classical partitioning whereby total evaporation consist of transpiration,
evaporation from interception, and soil evaporation (Roberts, 1999; Savenije,
2004; Shuttleworth, 1993; Sun et al., 2016); and

• The partitioning based in forest layering structure (e.g., understory, overstory,
ground layer, forest floor layer) (Coenders-Gerrits et al., 2020; Gordon et al.,
2019).

Note that for each forest layer the evaporation can be partitioned into 𝐸t, 𝐸i and
𝐸s to fully understand the evaporation process in forest ecosystems. In this thesis I
addressed this twofold evaporation partitioning in four different forest ecosystems
(Tropical Evergreen Broadleaf Forest, Tropical Deciduous Broadleaf Forest, Temper-
ate Shrubland, and Temperate Evergreen Needleleaf Forest).

In tropical forest ecosystems the ecological succession, seasonality, and species
diversity of plants create a set of conditions that complicates the usual partition-
ing of evaporation. The interception capacity of forest ecosystems is affected by
seasonal changes (Sadeghi et al., 2018) and the growing stage of forests and it is
not well known how this characterization may affect the canopy interception (Allen
et al., 2020). The Tropical Deciduous Broadleaf Forest in Costa Rica showed how
ecological succession affects the interception of precipitation (Chapter 2). Forest
stand structure depends on the ecological succession stage, which determines the
capacity of forest canopy to intercept precipitation.

The main structural differences among the stages of tropical dry forest are
linked to tree height (early: 9.9m, intermediate: 16.5m, late:22.4m), tree densi-
ties (early: 417 trees ha , intermediate: 943 trees ha , late: 620 trees ha ), and
plant area index (early: 2.9m m , intermediate: 5.6m m , late: 6m m )
(Table 9.1). The combination of these structural differences affect forest character-
istics like stemflow and throughfall. The early stage has the lower interception of
precipitation (9.9%) as a consequence of the sparse distribution of trees and low
plant area index. The intermediate has more trees than early and late stages per
hectare, the interception capacity reaches 22.1% of precipitation. The late stage
has the higher trees with larger diameters, conditions that influence the intercep-
tion capacity of the forest canopy (43%). The structural changes of growing forest
imply an increment on the precipitation interception capacity of the forest, allowing
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to evaporate more water when the forest stands become older in the ecological
succession.

Tropical wet and rain forests contain more canopy biomass than dry forests due
to the effect of variables such as water availability, soil fertility and elevation (Ali
et al., 2019; Álvarez-Dávila et al., 2017; Asner et al., 2015). A larger biomass re-
quires more water to maintain the site productivity, and this translates into a larger
transpiration flux. However, the high diversity of tropical lowland forests makes
it difficult the species selection to monitor the transpiration flux. Measuring the
transpiration flux by means of sap flow sensors allow to partition the transpiration
contribution to forest evaporation (Kool et al., 2014). However, the number and
diversity of tree species makes it difficult to quantify the transpiration. Additional
methods such as stable water isotopes have been used to determine the transpi-
ration contribution to evaporation by means of techniques such as keeling plots
(Keeling, 1958; Yakir and Sternberg, 2000; Xiao et al., 2018; Zhang et al., 2010).

In the Tropical Evergreen Broadleaf Forest in Costa Rica (Chapter 3), we did not
manage to apply the keeling plot method successfully, due to the highly variable
atmospheric conditions to which this method is highly sensitive (Good et al., 2012).
Instead, applying the evaporation partitioning according to forest structure in terms
of overstory (𝐸ov), upper understory (𝐸uu), and lower understory (𝐸lu) allowed to
define the contribution of the whole canopy mixing different fluxes (Table 9.1). The
lower and upper understory layers contribute 9% and 15% to total evaporation,
while the remaining 76% is produced by the overstory layer. These understory
layers are characterized by bushes, shrubs and trees of small size. Despite the
monitoring was carried out during the dry season, the large water availability and
atmospheric variability did not allow to identify the transpiration contribution using
stable water isotopes and the keeling plot method.

During rainy days, the evaporation decreases in magnitude but the proportion of
contribution by the different canopy layers remains stable (Chapter 3). Evaporation
is reduced two thirds during rainy days in comparison with sunny days (Chapter 4).
However, the atmospheric conditions during rain events allowed to spot the ascend-
ing vapor flux after evaporation occurs on the canopy. This phenomenon occurs
thanks to the convection powered by the energy store in the lower understory and
the water vapor produced during the ”splash droplet evaporation” process (Dunin
et al., 1988; Dunkerley, 2009; Murakami, 2006).

Contrary to tropical ecosystems, plants growing in arid environments of tem-
perate regions, experience water as a scarce resource. Under these environmental
conditions, the vegetation grows forming shrublands that do not classified as for-
est. However, the introduction of tree species to fight desertification changed the
landscape introducing a forest–like land cover. This characteristic makes it easier to
evaluate the transpiration of individual species. New land covers change the evapo-
ration flux as a consequence of the differences between transpiration rates (Chapter
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5). New canopies also change the soil moisture content as a consequence of plant
adaptation to cope with water scarcity. In an environment with scarce precipitation
and a mono-specific canopy, transpiration becomes the main vapor flux (Nagler
et al., 2007). Here, soil evaporation and interception are present only during and
shortly after the precipitation leaving the transpiration as the main source of evap-
oration. Willow trees (Salix matsudana) and Willow bushes (Salix psammophila)
transfer water from the soil and groundwater reservoirs at rates of 0.41mmd
and 0.39mmd , respectively (Table 9.1). However, when water is the limiting
resource the plants are able to redistribute water in the soil. This redistribution
is based in the hydraulic lift capacity of Willow trees (Salix matsudana) and Wil-
low bushes (Salix psammophila), which transfer water with the isotope signature
of groundwater to the upper soil layers. Under these circumstances, transpiration
is the dominant water vapor flux that allows the allocation of deeper soil water
in upper soil layers. Consequently, the canopy becomes a water pump exporting
water to the atmosphere while redistributing groundwater in shallower soil layers.
Also, the canopy becomes a shield that reduce the direct radiation reaching the soil
reducing the soil evaporation.

Mono–specific forest ecosystems in temperate regions may modify the micro–
meteorological conditions beneath their canopies. This is the case of a Temperate
Evergreen Needleleaf Forest in The Netherlands (Chapters 6, 7, and 8). The for-
est stand conditions of Douglas–Fir (Pseudotsuga menziesii) in Speulderbos are
characterized by a dense canopy (overstory) and the forest floor layer (Table 9.1).
Thanks to the water availability, the forest floor is covered with mosses and litter.
These forest floor covers kept evaporation rates lower than 1.5mmd in labora-
tory conditions (Chapter 6), however, the estimations performed in the field are not
larger than 0.2mmd (Chapter 8). Also, the presence of these covers impact the
soil moisture at different degrees due two their differences in interception capacity
when it rains and because their porosity presence affects the water vapor flux from
the soil to the atmosphere (Spieksma et al., 1997). This was observed thanks to
the effect on the isotopic fractionation of soil water after evaporation occurs. This
isotopic fractionation should be reflected on the water vapor signatures and may
be observable under field conditions.

Sampling water vapor in the field is a difficult task, because some methods re-
quire a physical change that may lead to isotopic fractionation (Fischer et al., 2019;
IAEA, 2016; Orlowski et al., 2016). Preventing these physical changes during wa-
ter vapor sampling will help to retrieve better data of evaporation processes with
stable water isotopes. After testing 5 methods for sampling water vapor in the air,
the best way to sample air vapor in the field without applying physical changes to
the samples is using Methalized Polyethylene (MPE) bags. This method allowed to
keep reliable water vapor samples up to 2 weeks of storage but the sampling efforts
and processing time in the laboratory make it less suitable for continuous measure-
ments in the field. This type of measurements can be carried out with laser-based
spectroscopy methods if the field infrastructure allows its deployment.
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In Speulderbos (Chapter 8), the closed canopy modifies the underneath micro–
meteorological conditions. This creates specific micro–habitats (Winter et al., 2015)
that restrict the growth of bushes and shrubs due to low solar radiation levels and
more stable temperature. Under these conditions, the mosses thrive due to the
lower desiccation capacity of the air and export only 0.2mmd meanwhile at 47m
the evaporation reach a flux of 3.7mmd (Table 9.1). However, wind conditions
above and below the canopy make it difficult to link the vertical flux of water vapor.
Both methodologies, the eddy–covariance and stable water isotope measurements
showed how the water vapor measured along the canopy has a different origin than
the forest stand where the measurements were performed. The use of laser-based
spectrometry to understand the evaporation process along the canopy. This thanks
to the increment of number of samples in longer periods of time (Sprenger et al.,
2019) help to increase the number of samples in time, but sacrifice the short time
sampling capacity.

Finally, partitioning the evaporation based on canopy structure is suitable for
complex ecosystems with a large number of species and a multilayered canopy
(e.g., Mixed temperate forests, tropical forests). This will reduce the bias given
by direct measurements of transpiration of trees that may not be suitable to de-
scribe the wide variation of a complex forest. This leaves the classical partition-
ing for more homogeneous ecosystems (e.g., forest plantations, forest covers with
canopies dominated by few tree species) where the differentiation between tran-
spiration, soil evaporation and evaporation from intercepted water is feasible with
a smaller monitoring investment.
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9.2. Recommendations
Sprenger et al. (2019) underlined the importance to increase the frequency of mea-
surements in space and time to better understand the water in the critical zone.
As vegetation works as a set of valves that redistribute the water fluxes in the crit-
ical zone (Brantley et al., 2017), partitioning the evaporation in terms of canopy
structure will help to better understand the role of vegetation in the critical zone.
Partitioning the evaporation of complex ecosystems according to the canopy struc-
ture, will also provide better estimates for the evaluation of hydrological processes
under climate change scenarios. This considering that it is expected to have a veg-
etation redistribution in land ecosystems (Pecl et al., 2017), modifying the forest
canopy structure. This will translate into further changes of evaporation at land-
scape level (Dai et al., 2018).

This partitioning is feasible at different scales thanks to the Light Detection and
Ranging (LiDAR) technology that allows to describe the forest canopy structure at
local (Pardini et al., 2019; Tan et al., 2013), regional (Hansen et al., 2014), and
global scales (Tang et al., 2019). This technology will help to define the canopy
structure, meanwhile local measurements of evaporation will allow to determine
the relative contribution of the different layers (e.g., overstory -𝐸ov, understory -
𝐸u, ground -𝐸g, and forest floor -𝐸ff).

Evaporation partitioning based on forest structure can be carried out with the
current data available worldwide. Scientific networks such as AmeriFlux (Ameriflux,
2020) or FLUXNET (FLUXNET, 2020) provide the right data sets of evaporation that
can be reprocessed including the canopy description of each site. Producing as the
main product the historical contribution of different canopy layers already measured
worldwide. The minimum requirement will be the temperature along the vertical
profile of the canopy.
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