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Abstract. Tropical wet forests are complex ecosystems with a large number of plant species. These environments are char-

acterized by a high water availability throughout the whole year and a complex canopy structure. However, how the different

sections of the canopy contribute to total evaporation is poorly understood. The aim of this work is to estimate the total evapo-

ration flux and differentiate the contribution among canopy layers of a tropical wet forest in Costa Rica. Monitoring the fluxes

during the dry season by making use of the energy balance to quantify the fluxes and stable water isotopes to trace the sources5

of water vapor. Total evaporation was 275.5 mm and represents 55.9 % of the recorded precipitation (498.8 mm), with 11.7 %

of the precipitation being intercepted and evaporated along the forest canopy. The understory beneath 8 m contributed with

23.6 % of the evaporation and almost half of it comes from the first 2 m of the understory. Stable water isotope signatures show

different soil water sources depending on the plant type. Palms make use of a water source with an isotope signature similar to

precipitation and throughfall. Soil water with a fractionated signature is used by trees, bushes and lianas. The isotope signature10

of water vapor samples overlap among different heights, but it was not possible to make use of the keeling plot method due to

the similar isotope signature of the possible sources of water vapor as well as the high water concentration even on the dryer

days.

1 Introduction

Total evaporation (E) of forest ecosystems includes water vapor originated from transpiration (Et), soil evaporation (Es) and15

the intercepted water evaporated from wet surfaces (Ei) (Roberts, 1999; Savenije, 2004; Shuttleworth, 1993). Evaporation from

tropical forests export more than 1000 mm yr−1 of water to the atmosphere (Lion et al., 2017; Loescher et al., 2005; Sun et al.,

2016). Partitioning of E is usually focusing 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 performed20

in savanna woodlands and boreal forests (Heijmans et al., 2004; Iida et al., 2009; Scott et al., 2003; Yepez et al., 2003). How-

ever in tropical regions few data concerning the differentiation between understory and overstory vegetation is available, while
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especially in these regions the vertical distribution of plant material is complex.

In tropical forest ecosystems (TFE) the available radiation along the canopy determines the photosynthesis rates and con-

sequently 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. Thus most of the total evaporation is coming from the overstory during the dry season5

(Kunert et al., 2017). 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). 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). Additionally, the soil water reservoir

used by understory shrubs and overstory trees differ. Shrub plants are more dependant on soil water, whereas the trees can10

access deeper water reservoirs (Ghimire et al., 2018). The number of plant species in TFE can exceed 50 species ha−1 (Eilu

et al., 2004; Naidu and Kumar, 2016) with densities above 500 trees ha−1(Crowther et al., 2015). Also, the heterogeneous spa-

tial aggregation of tree species in TFE (Volkov et al., 2005) increases the number 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.

15

The introduction of stable water isotopes in hydrology allowed the refinement of evaporation partitioning (Miralles et al.,

2011; Wang et al., 2014). Thus complementing the hydrometric data and providing information about the source of water va-

por as a descriptor of the evaporation process (Blyth and Harding, 2011; Dubbert et al., 2017; Silvertown et al., 2015). Stable

isotope signatures (δ18O and δ2H) of different soil water reservoirs may differ due to isotope fractionation, as well as mixing

and diffusion processes (Kendall and McDonell, 1998; Hsueh et al., 2016; Sprenger et al., 2016). These processes happen20

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., 2017; Raz-Yaseef et al., 2010). This

will change the spatial distribution of isotope signatures with augmented differences because of the enriched isotope signature

of throughfall water reaching the forest floor (Allen et al., 2016; Dawson and Simonin, 2011). Plant water uptake from soil25

reservoirs does not affect the isotopic water content (Ehleringer and Dawson, 1992; Guo et al., 2016), allowing to trace the

sources of xylem water. However, the different vegetation types (e.g, trees, plam trees, lianas) 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 different30

sources of water vapor in the air.

The structural complexity of TFE is defined by environmental variables such as altitude, climate and geomorphology

(Holdridge et al., 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 overstory includes all the trees fully illumi-35
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nated 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,5

2016). Thus allowing the tall canopies to create a microclimate 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 Dawson, 1992). The aim of this work is to estimate the total evaporation flux and

differentiate the contribution among canopy layers of a tropical wet forest in Costa Rica. Thus monitoring the fluxes during the

dry season by making use of the energy balance to quantify the fluxes and stable water isotopes to trace the sources of water10

vapor.

2 Methodology

2.1 Study Site

La Selva Biological Station (LSBS) is located on the Caribbean lowlands of Costa Rica (N: 10°26′0′′ – W: 83°59′0′′) (Figure15

1). This region has a mean annual precipitation of 4351 mm yr−1, with a monthly precipitation of more than 100 mm month−1

(Loescher et al., 2005). A short dry season is present in this region between February and April and it is characterized by a

reduction of precipitation without experiencing 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 1585 mm yr−1 (Figure 2). The research station is covered by a series of old growth20

and secondary forests, as well as small forest plantations of different species and mixed plots (Figure 1).

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 (Andic25

Humidotropept) under the USDA classification system (Sollins et al., 1994). This plot has 88 species among trees, lianas and

palms with more than 10 cm of diameter (see Appendix A). Tree density was 371 trees ha−1 in 2017 with 60.6 % of the trees

within 10–20 cm diameter. The most abundant species are the palm Welfia regia and the tree Pentaclethra macroloba with

56 trees ha−1 and 43 trees ha−1, respectively. Based on data from Tang et al. (2012), the average leaf area index (LAI) in 2005

of the plot was 3.56 m2 m−2 (Figure 1). Also, this plot is located within an area of small changes of top canopy height and a30

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 2 m height, it includes the ground surface, the litter layer and small

shrubs. The upper understory (uu) goes up to 10 m height covering the crowns of medium palms, tall bushes and small trees.

3
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The overstory (ov) is the tallest canopy layer and it includes the crowns of the tallest trees of the plot (see Appendix A).
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Figure 1. Land cover map of the area surrounding the Major Research Infrastructure (MRI–plot) plot located at La Selva Biological Station

in Puerto Viejo de Sarapiquí, Costa Rica.

2.2 Instrumentation

A meteorological station is located 750 m East from the MRI–plot (Figure 1). This station monitors precipitation, air temper-

ature, relative humidity, solar radiation, photosynthetic active radiation, atmospheric pressure, leaf wetness, wind speed and5

wind direction (Table 1). All sensors are controlled by a Campbell Scientific© data logger, averaging the data over 15 min 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: 34 m, Tower 2: 25 m (under repair during the experiment) and Tower 3: 43 m). Tower 3 is located

within a canopy depression of around 400 m2, and the other two towers allow the access to the forest canopy at the center of

the plot (Figure 1). A series of sensors were placed along Tower 3 to monitor different meteorological variables during the10

study period. Air temperature and relative humidity were installed 1.5 m away from the tower structure at 2 m, 10 m, 37 m

and 43 m height; and protected with a radiation shield (ONSET®; RS3-B). Precipitation, solar radiation and photosynthetic

4
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Figure 2. Climate diagram of the La Selva Biological Station based on records of 54 years of precipitation and 35 years of temperature

(Source: https://tropicalstudies.org/). The potential evaporation was estimated with the temperature data and Thornthwaite equation (Thorn-

thwaite, 1948).

active radiation were measured at the highest point of Tower 3 (Table 1). 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 15 min, 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 5 min.

5

Throughfall measurements were carried out at ground level with 15 rain gauges, 12 of them distributed within a sub plot

of 200 m2 to estimate the bulk throughfall and 3 additional ones placed around Tower 3 to collect daily samples. The mea-

surements 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 500 mL with a scale of

0.5 mL. All volumes were translated into mm of water according to the rain gauge surface area. Leaf area index (Γ, m2 m−2)10

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 1.3 m height, as well as the branching heights (m) and tree diameters (cm).

15

2.3 Water Sampling

Different sets of liquid samples were collected at the MRI–plot and at an open area located 400 m South–East from the MRI–

plot (Figure 1). Samples of bulk precipitation were collected 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-20

fall were placed around Tower 3 and sampled on a daily basis or shorter if it was possible. Soil water from the unsaturated

5
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Table 1. Measurement height of the instrumentation used during the experiment carried out in La Selva Biological Station in both.

Variable Unit Instrument
Meteorological Tower 3

Station

Precipitation mm hr−1
Raingauge (model: TE525MM) 1.5 m NA

Davis® Rain Gauge ONSET® (S-RGD-M002) NA 45 m

Temperature ◦C
HMP45C-L probe 1.5 m NA

ONSET® (S-THB-M008) NA 2 m, 10 m, 37 m, 43 m

Relative Humidity %
HMP45C-L probe 1.5 m NA

ONSET® (S-THB-M008) NA 2 m, 10 m, 37 m, 43 m

Solar Radiation W m−2
LI-COR® pyranometer (LI-200X) 3 m 43 m

Sylicon Pyranometer (ONSET®, S-LIB-M003) NA 2 m

Photosynthetic
µmol m−2s−1 LI-COR® quantum sensor (LI-190R) 3 m 43 m

Active Radiation

Leaf Wetness minutes Campbell Scientific© sensor (237-L) 3 m NA

Wind Speed m s−1

R.M.Young® wind monitor (05103) 10 m NA
Wind Direction ◦ of Azimuth

Atmospheric Pressure hPa Nova Lynx® barometer (230-P111) 2 m NA

Soil Moisture m3 m−3 ECH2O® EC sensor NA -5 cm, -10 cm

Soil Temperature ◦C ONSET® (TMC20-HD) NA -5 cm, -10 cm

Note: NA indicates that this device is not available at the meteorological station or the MRI plot.

zone was collected 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 0.5 mL of every sampling were discarded to reduce the contamination from previous

soil water extractions. Water vapor samples were collected with a test tube of 30 mL of borosilicate immersed in an isolated

container of 500 mL filled with dry ice (-70 ◦C). The collection was performed at least every three hours depending on the5

meteorological conditions and dry ice availability during the sampling period. The samples were collected at Tower 3 at 43 m

height. Transpired water was collected from the canopy of different plant species surrounding the towers. These samples were

collected with polyethylene bags at least every 6 hr and transferred immediately to 1.5 mL borosilicate vials. Xylem water was

extracted from branches or exposed roots at midday for four types of plants: palms, trees, bushes, and lianas. The bark of

each sample was removed before the water extraction. The xylem sample was placed within a 50 mL test tube with an insert10

of 30 mL and a DURAPORE® membrane filter (PES-45/25, 0.45µm, HV). The water was extracted through centrifugation

6
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at 5000 rpm for 30 min, transferring immediately the extracted water to 1.5 mL 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.

2.4 Energy Fluxes5

The latent heat flux (ρλE, W m−2) was determined using the energy balance equation (Equation 1) from the ground up to 2 m,

8 m and 43 m (Figure 3). This equation is based on the vertical transport of heat, neglecting the advected energy due to the lack

of more detailed measurements (e.g, eddy covariance system). 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, W m−2)

was calculated with equation 2 applying an albedo (a) value of 0.12 according to Loescher et al. (2005) for this forest type10

and incoming short wave radiation (R↓S). Incoming (R↓L) and outgoing (R↑L) long wave radiation (W m−2) were determined

for every time step (see Appendix B). Ground heat flux (G, W m−2) was calculated with equation 3 using the temperature

difference (dT ) between the soil temperature at 5 cm depth and the superficial soil temperature (Ts0) (see Appendix C). A soil

thermal conductivity (k) of 1.58 W m−1 ◦C−1 (Pielke, 2013) was used to determine G considering the soil clay content and

soil moisture condition of more than 0.40 m3 m−3 during the study period. The sensible heat flux (H , W m−2) was determined15

using equation 4, where Ta is the air temperature (◦C) at the different heights, ρa is the air density (kg m−3), cp is the specific

heat of the air (1.013× 10−3 MJ kg−1 ◦C−1), and ra (s m−1) is the aerodynamic resistance to heat transfer (see Appendix D).

ρλE =Rn−H −G (1)

20

Rn = (1− a)R↓S−R↑L +R↓L (2)

G= k
dT
dz

(3)

H =−ρacp
Ta−Ts0

ra
(4)25

2.5 Isotopic Analysis

Relative isotope concentration of deuterium (δ2H) and oxygen–18 (δ18O) with respect to the Vienna Standard Mean Ocean

Water (VSMOW) were measured with a Liquid Water Isotope Analyzer (LWIA; model 912-0008) from Los Gatos Research

7
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Figure 3. Analysis diagram of the energy fluxes estimated during a dry season at a Tropical Wet Forest in Costa Rica.

(LGR). We used the software LIMS 10.083 for lasers (Coplen, 2000) during the calibration, correction and determination of

stable isotope signatures of the analyzed samples. The relative concentrations were determined following Equation 5 (Craig,

1961), where δ represents the relative concentration (h) of the stable isotopes δ2H or δ18O, R is defined as the stable isotope

ratio (2H/1H or 18O/16O) of the standard water (Rstandard) and the sample (Rsample). Equation 6 determines the deuterium

excess (dexcess) based on the Local Meteoric Water Line (LMWL) defined for La Selva Biological Station by Sánchez-Murillo5

et al. (2013) as δ2H = 14.03 + 8.48 δ18O.

δ =
( Rsample

Rstandard
− 1
)

(5)

dexcess = δ2H − 8.48 ∗ δ18O (6)10

The "Keeling method" (Equation 7) was used to determine the contribution of transpiration to the atmospheric water vapor

signature of total evaporation (Keeling, 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 stable isotope signa-

8
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ture 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.

δeco = Ca(δa− δt)(1/Ceco) + δt (7)

2.6 Data Collection and Analysis5

Data processing and analyzes were performed with the software R (R Core Team, 2017). The meteorological data was collected

continuously during the dry season in 2018, between 2018-01-25 and 2018-03-26. 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 (sampling period B) and 2018-

03-19 to 2018-03-25 (sampling period C). 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),10

upper understory (uu) and lower understory (lu) layers was estimated with equations 8–10. Also, the vapor pressure 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 temperature (Ta) and dew temperature (Tdew) of each height.

E2 = Elu (8)15

E8 = Euu +Elu (9)

E43 = Eov +Euu +Elu (10)

3 Results20

3.1 Canopy Conditions

Canopy openness and LAI at the MRI-plot were 14.4±3.4 % and 2.6±0.3 m2m−2, respectively. During the dry season some

trees species experienced a partial loss of leaves (e.g, Pentaclethra macroloba, Virola koschnyi or Pterocarpus sp.), this reduces

locally the LAI at the end of the sampling period. Rain events during the monitoring period of 62 days had a random distribu-

tion, recording a total precipitation of 536.2 mm (see Appendix F). After 01-02-2019, the rain events intensity experienced a25

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 F1). The wind was predominantly

9
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from the South–East, with an average magnitude of 0.97 m s−1 and a maximum of 4.34 m s−1. The low average is a conse-

quence of the high frequency of wind speed lower than 2 m s−1 and the wide presence of calms. These calms (u< 0.25 m s−1)

are present during 27.8 % of the monitoring period. Daily air temperature 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.

5

The VPD at the forest canopy changes with respect to the height. VPD at 43 m height registered the largest values along

the monitoring period during day time, droping below 1.0 kPa at night (Figure 4). VPD day time conditions at 8 m height are

similar to those at 43 m. Beneath the canopy at 2 m height the VPD have a similar trend to night conditions at 43 m 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 oscillates10

between 0.42 m3 m−3 and 0.48 m3 m−3, without differences between day and night time conditions.

Air temperature differs among canopy heights and between day and night times (Figure 4). At 43 m and 8 m height the air

temperature has a daily range of more than 10 ◦C, while at 2 m height the range is smaller (< 10 ◦C). However, night time

conditions along the canopy profile keep the same pattern without strong differences. Superficial soil temperature does not15

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.

3.2 Energy Fluxes

R↓S varies depending on the location along the canopy. At 43 m height the Rn has a homogeneous frequency during day time,20

reaching a maximum value close to 1130 W m−2. While at 8 m and 2 m the frequency of larger R↓S (> 500 W m−2) is sporadic

reaching not more than 400 W m−2 and 100 W m−2, 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 reaching

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 4). The effective energy reaching the forest floor25

drives theG daily variations, allowing the soil to store up to 32.3 W m−2 (Figure 4). This energy is released at night with fluxes

up to 39.6 W m−2. 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 1000.8 W m−2, while

the Rn2m is just a fraction of this flux. Net radiation at 43 m, 8 m and 2 m during clear nights had similar fluxes, however this

pattern differs when rainy conditions are present (see Appendix F). Those conditions allows Rn2 to transfer less energy to the30

atmosphere than Rn8 and Rn43.

At 2 m height H does not have strong changes oscillating between -50 W m−2 and 100 W m−2 during day time, while night

time have 0 W m−2 most of the time (Figure 4). This flux increases its magnitude on the upper forest layers on day and night

10
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time. Most important differences between 8 m and 43 m are based on the maximum H that can be reached. At 8 m and 43 m

do not reach 300 W m−2. The frequency peak of H observed along the three heights during day time are linked at the sporadic

showers experienced during the monitoring period (see Appendix F). The residuals from the energy balance equations applied

to the three canopy layers (Equation 1) represents the ρλE. This flux has strong differences among the canopy heights (Figure

4) where at 43 m the ρλE goes from -100 W m−2 to 910 W m−2, while at 8 m and 2 m height the minimum ρλE is almost5

the same (-67.5 W m−2 and -66.5 W m−2, respectively). However, the presence of larger ρλE on these two 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).

10
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3.3 Water Fluxes

Between 2018-01-26 and 2018-03-25 a total amount of 492.8 mm of precipitation was recorded, with 4 days of more than

20 mm d−1 (Figure 5). Daily measurements of throughfall performed manually at the MRI-plot show that the canopy is able

to intercept 11.7 % of the accumulated precipitation (see Appendix G). 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 intercep-5

tion fraction between 0.38 to 0.40. It is important to mention the lack of stem flow measurements 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

4). The larger values observed in soil moisture are the result of the large amount of throughfall during rain events.10

Along this period, we estimated an evaporation of 275.5 mm accounting for 55.9 % of the precipitation registered at the

MRI-plot. A portion of 24.3 mm is originated from 2 m height and 40.7 mm from between 2 m and 8 m height (Figure 5). 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 events15

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.

3.4 Isotope Signatures

Figure 6 shows the variability of all the water samples collected at the MRI-plot (see also Appendix H). Precipitation samples20

are located on the LMWL defined for La Selva Biological Station by Sánchez-Murillo et al. (2013), with a slight fraction-

ated signature with respect to the LMWL (Figure 6). 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

precipitation samples have a wider variability than throughfall samples for both isotopes. Throughfall samples have a more

homogeneous isotope signature with fewer outliers than precipitation. Soil water signature at 5 cm and 10 cm depth has exactly25

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 isotope signature that matches with the LMWL. How-

ever, the isotope signature differs widely from the precipitation, throughfall and soil water samples collected on the same period.

30

Transpired water samples have a more fractionated signature with respect to the xylem water. Despite the presence of frac-

tionated xylem water, it does not match with the soil water signature. Samples of transpired water have a wide variation on

their isotopic signatures (Figure 6). Transpired water samples of trees, bushes and palms show a similar pattern among them.
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Figure 5. Measured precipitation (P ), estimated evaporation (E) and its fraction (Efraction) per canopy layer at La Selva Biological Station

(LSBS) during the monitoring period from 2018-01-25 to 2018-03-25.

This pattern has a lumped group of samples with an isotope signature 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 close5

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 6). These sources include water from precipitation, stream water

and soil water affected by evaporation not present in the collected samples at the MRI–plot (see Appendix H). The isotope

signature of the xylem water in trees and bushes depict the use of rain water 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 can10

be affected by fractionation.

Isotope signature of water vapor samples from the 3 sampling heights overlap with each other. These samples have a wide

range for both isotopes (δ2H and δ18O), but only some outliers matches with the xylem water samples. However, few vapor

samples overlap with other sample types and only 4 samples at 43 m height and 5 samples from 22 m height overlap with the15

LMWL. Appendix I shows the keeling plots applied to dexcess and δ18O of the air samples collected at 43 m and 22 m height.

In both cases, the regression lines are not significant (pvalue> 0.05 and R2 ≈ 0). The closeness of water samples exemplifying
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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.
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Figure 6. Isotopic signatures of δ2H and δ18 of all the samples collected at the MRI-plot.

3.5 Discussion

Evaporation in wet forests is governed by the transpiration process, following a direct link between leaf area index and tran-5

spiration (Zhang et al., 2017). However, 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 (Bas-

sette 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 inter-

ception. This proportion accounts for one third of the measured evaporation, leaving the remaining 44.2 % of the evaporated10
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precipitation to canopy transpiration. The distribution of interception 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 10 m 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 Biolog-5

ical 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 2 m height as part of the forest floor interception.

Allen et al. (2016) described the capacity to modify the isotope signature of precipitation when the water passes through the10

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 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. Soil water signatures have a larger variability than throughfall signatures, showing lighter signatures than pre-15

cipitation and throughfall. Soil water does not show the expected fractionation of soil under evaporation processes, where the

isotope signature is characterized by heavier fractionated soil water signatures respect to throughfall or precipitation (Allison

et al., 1984; Sprenger et al., 2017). 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.20

Water use by riparian forests in La Selva Biological Station has been linked to groundwater withdrawal (Cadol et al., 2012).

However, the stream water signature is lighter than the fractionated water used by trees and bushes, meanwhile some lianas

have similar signature than stream water. This can be linked to the deep water use by the lianas, which has been reported in

some karstic and seasonal environments (Chen et al., 2015). Xylem water and transpired water have fractionated signatures25

with respect to the LMWL, but do not match completely with soil neither throughfall samples. Palm and bushes samples are

the ones that cover the isotopic range of precipitation and throughfall samples, depicting the use of rain water. Canopy archi-

tecture of palm trees allows the concentration of water as stemflow (Germer et al., 2010; Germer, 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 isotope30

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), al-

lowing 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 lianas35
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showed a large variability. Differently to palms, tree species are able to develop extensive root systems depending on the nutri-

ent 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).

The overlapping isotope signatures of transpiration and xylem samples with the precipitation water, do not allow to identify5

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 identify 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 monitor-

ing 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 conditions with clear10

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 homogeneous 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 different15

sampling methods did not allow to produce a significant linear regression.

The structural complexity of a tropical wet forest requires the inclusion of different parameters to better understand the water

fluxes such as evaporation. Tackling the structure in terms of canopy layers is possible to homogenized important differences

like plant types or number of species. This as a consequence of the larger variability of water sources to which the plants have20

access or to specific characteristics of the plants that defines how much water can be transpired (Chen et al., 2015; Silver-

town, 2004; Silvertown et al., 2015). Traditional evaporation partitioning defines the fluxes in terms of soil evaporation, plant

transpiration and evaporation of 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.25

4 Conclusions

Total evaporation measured during the monitoring period was estimated as 275.5 mm, representing the 55.9 % of the recorded

precipitation (492.8 mm), with 11.7 % of the precipitation intercepted by the forest canopy. The overstory layer evaporates

210.5 mm representing 76.4 % of the total evaporation. The upper and lower understory layers contributed together with 23.6 %30

(65.0 mm) of the total evaporation, this includes the transpiration and evaporation of intercepted water on plant surfaces. The

contribution of the lower understory (from 0 m to 2 m height) provides 24.3 mm, showing the important role played by the

understory plants during dry season evaporation. Low variability of soil moisture during this dry season depict a small con-
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tribution to evaporation from the forest soil, a pattern that is supported by the lack of fractionated signature of stable water

isotopes. Xylem water samples differ from transpired water samples as a consequence of the transpiration process, meanwhile

the different patterns showed per plant types (lianas, palms, trees, and bushes) depict the access to different water sources.

Lianas and palm samples used mainly unfractionated precipitation water, the bushes used a clear fractionated source, while the

trees used water from fractionated sources and water with a precipitation signature. The use of keeling plots to differentiate5

between transpiration and other evaporation sources 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 variability.
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Appendix A: Characterization of the Canopy Layers

A B C 

Figure A1. Images of the 3 canopy layers defined in this study. A: is the lateral view of the overstory layer (∼10 m–43 m) within the canopy

gap. B: is the vertical view of the upper understory layer (between 8 m to 10 m). C: is the lateral view of the lower understory (0–2 m).
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Figure A2. Plant densities (plant ha−1) and basal area (m2 ha−1) of the species with more than 10 cm diameter measured at 1.3 m above the

ground. Plant basal area corresponds to the cross section area covered by the stem of each plant. Some bush species are not included in this

data set because the individuals do not have the minimum diameter required.
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Appendix B: Long Wave Radiation

The incoming and outgoing long wave radiation were determined with equations B1 and and B2 (An et al., 2017), where σ is

the Stefan–Boltzman constant (5.67× 10−8 W m−2 K−4) and εs and εa are the emissivity factors for soil and air, respectively.

For εs a value of 0.97 (Van Wijk and Scholte Ubing, 1963) was used for wet clay soils. εa was determined with equation B3

based on air temperature (Tair) and air vapor pressure (ea).5

L ↑= εsσ(Ts)4 (B1)

L ↓= εaσ(Ta)4 (B2)

10

εa = 0.7 + 5.95× 10−4eaexp
(

1500
Tair+273.15

)
(B3)

Appendix C: Superficial Soil Temperature

Superficial soil temperature (Ts0, ◦C) was estimated with equation C1 (Holmes et al., 2008) and the available data of soil

temperature at 5 cm depth (Ts5). This equation describes the diurnal variations of soil temperature as sine waves depending on

the 24 h moving averages of soil temperature (Ta, ◦C). The daily amplitude (TA, ◦C) is defined as the difference between Ts515

and Ta.The oscillations are determined by the damping depth (ν, m) which is calculated with equation C3. z (m) is the depth

difference between the target temperature (Ts0) and the source temperature (Ts5). The sine pattern depends on the angular

frequency (ω, 1 s−1), time (t, s) and φ as a constant for phase change. Equation C2 is used to determine ω with τ (s) as the

wave period.

20

Ts0 = Ta +TA× e(
−z
ν )× sin(ωt− z

ν
+φ) (C1)

ω =
2π
τ

(C2)

Equation C3 calculates ν with the soil thermal diffusivity (η, m2 s−1) and ω. Equation C5 (Nakshabandi and Kohnke, 1965)

is used to determine η. Where ρs is the soil bulk density of 0.76 g cm−3 (Sollins et al., 1994) for the experimental plot. cs is the
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specific heat for clay soils (837.36 W kg−1 ◦C−1). k is the soil thermal conductivity of 1.58 W m−1 ◦C−1 (Pielke, 2013).

ν =

√
2η
ω

(C3)

r =
4
√

23

yo
(C4)

η =
k

ρscs
(C5)5

Appendix D: Canopy Aerodynamic Resistance

The aerodynamic resistance (ra, s m−1) was calculated with equation D1 (Eamus et al., 2016). In this equation, k is the von–

Karman constant (0.41), zr is the reference height (m), d is the zero plane displacement, z0 is the roughness length and u as the

wind speed (m s−1). Equation D2 calculates d with h as the canopy height (m). Leaf area index is represented by Γ (m2 m−2)

ra =
ln2
[

(zr−d)
z0

]

(k2u)
(D1)10

d= 0.63σαh (D2)

z0 = (1−σα)zb +
σα(h− d)

3
(D3)

σα = 1−
( 0.5

0.5 + Γ

)
exp

(
−Γ2

8

)
(D4)

Appendix E: Wind Speed Estimation

The wind speed (u45m) was estimated based in a previous data set collected at the MRI Plot and the relationship with the15

meteorological variables collected at the research station during that period. The u45m was estimated with a linear regression

model, selecting the parameters with an stepwise forward fitting procedure. Equation E1 determines u45m (m s−1) based on the
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air temperature at 43 m (T43m) collected in Tower 3, wind speed at 10 m (u10m) and incoming short wave radiation (R↓s) mea-

sured at the meteorological station. The linear regression has an multiple correlation coefficient (R2) of 0.786, with a residual

error of 0.4084 m s−1. Table E1 shows the coefficients estimated with the linear regression analysis, where all of them have are

statistically significant (p< 0.0001). Considering the standard error from the estimation, all the estimated u45m values lower

than 0.41 m s−1 were considered as 0 m s−1.5

u45m = a+ bu10m + cT43m + dR↓s (E1)

Table E1. Summary of the linear regression analysis to determine the wind speed above the canopy base on previous measured data from

the MRI plot and the meteorological station in La Selva Biological Station. Based in data collected at 30 min intervals in both locations from

the year 2012.

Parameter Coefficient Standard Error tvalue Pr(>|t|)

a -3.718× 10−01 3.998× 10−02 -9.298 <2× 10−16

b 1.028 5.303× 10−03 193.873 <2× 10−16

c 3.298× 10−02 1.745× 10−03 18.899 <2× 10−16

d -2.155× 10−04 1.998× 10−05 -10.789 <2× 10−16

28

https://doi.org/10.5194/hess-2019-566
Preprint. Discussion started: 14 November 2019
c© Author(s) 2019. CC BY 4.0 License.



Appendix F: Meteorological conditions at La Selva Biological Station
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Figure F1. Precipitation (P ), vapor pressure deficit (VPD), wind speed (u) and temperature (T ) registered by the meteorological station at

La Selva Biological Station (LSBS). The monitoring period cover from 2018-01-20 to 2018-03-25. Shadowed areas represent the 3 periods

when water samples were collected at the MRI-plot.
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Appendix G: Interception of precipitation
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Figure G1. Interception of precipitation analysis of the sampling carried out at La Selva Biological Station.
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Appendix H: Detailed dual plots of stable isotopes of water samples
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Figure H1. Matrix dual isotope plots per sample type
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What does "trans-..." mean?



Appendix I: Keeling plots
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Figure I1. Deuterium excess (dexcess) and oxygen-18 (δ2O) mixing relationships ("Keeling plots") for the monitoring period. Air samples

collected at 43 m and 22 m height. The standard deviation of each air sample shows the variation of the absolute humidity of the air (ρv) for

each sampling.
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