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Abstract

The paramos are Neotropical alpine tundra-like ecosystems that play a crucial role as
biodiversity hotspots and also act as water sources for the inter-Andean regions and
cities. Improving our understanding of hydrological processes, here evapotranspira-
tion, is crucial, especially in the context of global changes. In paramos, most research
have focused on estimating potential evapotranspiration (ETo) using the Penman-
Monteith method. Only a few studies have quantified actual evapotranspiration using
mostly the Eddy covariance method (EC) or volumetric lysimeters. Importantly, these
studies focused only on tussock grass communities, and none have addressed the
effect of other plant communities specific to paramos on the actual evapotranspira-
tion of this ecosystem. In this research, portable closed chambers were installed for
the first time in a paramo (in Los Nevados National Park, between 3900 and
4100 masl) to quantify actual evapotranspration (ETa) in March and May 2019 in
three representative plant communities of the paramo (giant rosettes, shrubs and tus-
sock grasses). The ETa rates measured were then compared with ETo estimated using
the Penman-Monteith method. Also, environmental factors of solar radiation, tem-
perature and relative humidity were recorded and their influence on ETa variation
was analysed. Our results indicate that ETa daily rates were very low with a high daily
variation (0.290 + 0.266 mm day_l). The shrubs showed higher ETa rates even
though differences among communities were not significant. ETo rates calculated via
the Penman-Monteith method were significantly higher (1.017 + 0.468 mm day2)
than those measured using the portable chambers. Portable closed chamber is a
promising method to assess ETa at small spatial and time scales and under controlled
environment; however, they should be improved to enable ETa measurements on
longer time periods. This study confirms the highly variable and low evapotranspira-
tion rate of the paramo vegetation, here confirmed across different plant communi-
ties and underlines the importance of solar radiation and temperature, which were

positively correlated with evapotranspiration rates.
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1 | INTRODUCTION

Paramos are Neotropical alpine ecosystems located between the tree
line and the remaining glaciers of the Northern Andes, ranging from
Northern Peru to Venezuela (Buytaert, Celleri, et al., 2006; Célleri &
Feyen, 2009; Hofstede, Segarra, & Mena, 2003). Their altitudinal loca-
tion varies with local geographical and climatic conditions, and in
Colombia, they are commonly found between 3000 and 4600 m.a.s.l.
These tropical alpine environments display particular abiotic conditions
such as high daily temperature variations but low temperature season-
ality, frequent light precipitation events, average temperature below
10°C, but they also display other unique conditions such as low oxygen
and CO, pressure, strong winds, a high edaphic and topographic het-
erogeneity and high UV radiation (Azocar & Rada, 2006; Llambi &
Sarmiento, 1998; Peyre, 2015; Ruiz-Carrascal et al., 2019). Due to cli-
matic changes during the Pleistocene, which promoted the formation of
continental islands and the extreme abiotic conditions to which the
vegetation has been exposed to, the paramos now shelter an extremely
diverse and adapted flora with characteristic growth forms and physiol-
ogy (Flantua et al., 2019; Marin & Parra, 2015; Peyre, 2015).

Paramos provide crucial ecosystem services acting as a perma-
nent water source for surrounding cities as well as supplying water for
hydropower production and agricultural field irrigation (Buytaert,
Celleri, et al., 2006; Célleri & Feyen, 2009; Hofstede, Segarra, &
Mena, 2003; Peyre, 2015; Tobdn & Arroyave, 2007). The storage and
constant release of water from soils in padramos (mainly Andosols and
Histosols) are possible given their high porosity and high water reten-
tion, the low temperature seasonality, and the cold and wet climate
(Buytaert et al., 2005; Tobdn, 2022a). Finally, the low evapotranspira-
tion rates of vegetation (Tobdn & Castro, 2022) is directly correlated
to the high-water yield of the paramos (Buytaert, lfiguez, et al., 2006;
Cardenas et al., 2018; Célleri & Feyen, 2009).

The vegetation of an ecosystem is intrinsically connected to the
water cycle. On one hand, vegetation communities are influenced by
precipitation, soil moisture and chemical composition of water. On the
other, vegetation plays a key role in the hydrological cycle returning
water to the atmosphere through transpiration and evaporation of
intercepted water (Leguizamon & Tobdn, 2017). In paramos, plant
cover has shown to affect soil moisture (Pesantez et al., 2018) and
water interception (Leguizamon & Tobdn, 2017; Tobdn 2022b).
Together with meteorological conditions and air and soil moisture, the
specific characteristics of the plant communities in the paramo such as
xeromorphic traits and pubescent leaves have shown to regulate the
low ET rates observed in these ecosystems (Buytaert, lhiguez, et al.,
2006; Cardenas et al., 2018; Gutiérrez-Lagoueyte et al., Peyre, 2015).

Generally, it is difficult to quantify ET and there have been many
models developed to address this. To measure or estimate ET, two

approaches must be considered: (1) the physical character of this

process using meteorological approaches and (2) the effect of vegeta-
tion characteristics such as plant physiology, species composition and
stomatal properties (Jarvis & McNaughton, 1986; Kairu, 1991). Cur-
rently, the main estimation method used is the FAO Penman-
Monteith which calculates reference ET (ETo) based on meteorologi-
cal data (also described as FAO 56 PM method). This method has
been previously applied to paramos (Buytaert, Ifiguez, et al., 2006;
Cordova et al., 2015; Leguizamon & Tobdn, 2017; Ochoa-Sanchez
et al, 2019), as well as in other high altitude ecosystems (van den
Bergh et al., 2013). Then, the main methods proposed in the literature
to determine actual ETa (Damveld et al., 2018) are (1) the use of lysim-
eter (Coners et al., 2016; Ochoa-Sanchez et al., 2019; van den Bergh
et al., 2013); (2) sapflow measurements (Duan et al., 2017; Granier &
Loustau, 1994; Zhang et al., 1997); (3) the Eddy covariance method
(Carrillo-Rojas et al, 2019; Gu et al, 2008; Ochoa-Sanchez
et al., 2019); and (4) the use of either closed (McLeod et al., 2004) or
ventilated (Denmead et al, 1993; Zhang et al., 2018) chambers
encompassing an individual plant or a vegetation patch.

Actual evapotranspiration is a key process of the hydrological
cycle and plays an important role on the ecohydrological processes of
terrestrial ecosystems (Tobdén & Castro, 2022). However, several diffi-
culties arise when calculating actual evapotranspiration, mainly
because of the high information requirements to apply energy balance
models, the complexity of ecosystems, input data uncertainty (Chia
et al., 2020; Ryken et al., 2022; Zhao et al., 2013) and the large spatial
meteorological, edaphic, topographic and vegetation heterogeneity
(Liu et al., 2022); therefore, simplified methods for calculating actual
evapotranspiration are becoming widely used. Sap flow has been
widely used method to determine actual evapotranspiration, however,
it is mostly adapted to woody vegetation (Flo et al., 2019; Poyatos
et al., 2021; Smith & Allen, 1996); therefore, in paramo ecosystems,
they are only applicable (with adjustments) to Espeletia spp. and some
shrub species (Cardenas et al., 2018). Lysimeters and Eddy covariance
have successfully been used in tussock grass communities in
Ecuadorian paramos (Ochoa-Sanchez et al, 2019; Vasquez
et al., 2022), however their installation remains complex and costly.

Furthermore, some studies have focused on measuring ET on tus-
sock grass communities from Andean paramos (Ochoa-Sanchez
et al,, 2019; Vasquez et al., 2022), but none have been done in other
types of paramo vegetation, such as shrubs and giant rosettes,
although these are representative growth forms of worldwide para-
mos (Luteyn, 1999). Hence, there is still a need to measure and com-
pare the contribution of the different specific vegetation cover to ETa
and new approaches are required for assessing ETa at small time and
spatial scale and under monitored environmental conditions to obtain
a comprehensive understanding of ETa variations.

Accordingly, this research aimed at providing insights on ETa dur-

ing one rainy period of the year in three representative plant
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communities in the paramo of Los Nevados National Park: shrubs
(Arbustal), giant rosettes (Frailejonal) and tussock grass (Pajonal) (tus-
sock grasses). This study also sought to test the applicability of porta-
ble closed chambers, an adaptable and small-scale method, to assess
ETa in paramos. By installing chambers in paramos, the actual evapo-
transpiration of the vegetation was measured under homogeneous
and monitored environmental conditions for a very short period. As
these rates were measured under similar conditions, this enabled the
comparison between ETa rates across vegetation communities. More-
over, this study also aimed at assessing the effect of environmental
factors on ETa in these communities. Two main questions were
answered: How do ETa rates vary among the three plant communities
studied and how does this compare to Penman-Monteith calcula-
tions? Which meteorological variables affect ETa rates in paramo
plant communities? How can portable closed chambers measurements

improve our understanding of ETa in paramos?

2 | MATERIALS AND METHODS

21 | Study site and environmental conditions

The research took place in the paramo of Los Nevados National Park
situated in the Andean central mountain range of Colombia, from
March to May 2019. More specifically, the study sites were located in
the upper part of the Claro River basin (between 04°48'-04°58'N and
75°30'-75°18'W, 3900-4100 m). Two meteorological stations were
installed nearby the research plots to record temperature, relative air
humidity, solar radiation wind speed and direction: a Davis® weather
station (4°50'31.88"N; 75°22'34.64"W) and a Campbell® weather
station combined with a temp/RH HOBO® sensor (4°51/33.61"N:;
75°21'36.03"W). Measurements were recorded at 5 min intervals
during the study period. The average annual precipitation in this area
is 1400 mm with a bimodal distribution during the year, and the atmo-
spheric pressure vary between 820 and 650 mb. The average climatic
conditions recorded are presented in Table 1. The study period con-
sidered one of the rainy seasons observed in this area with an
increased amount of precipitation as is shown by the data presented
in Tables 1 and S1. Also, volumetric soil water contents (9, cm® cm™3)
were automatically measured at five different soil depths, using
SC625-type Time Domain Reflectometry (TDR) sensors, connected to
a CR1000 datalogger (Campbell Scientific Ltd, Shepshed, UK)
(4°50'31.88"N; 75°22'34.64"W). Field capacity and permanent

TABLE 1

wilting point were calculated based on water retention curves mea-
sured in undisturbed soil samples at the laboratory 2011. Field capac-
ity was determined at 10 kPa according to that suggested by 2011 for
soils with high organic matter content, as those from Los Nevados
National Park, and permanent wilting point at 1500 kPa.

In paramos, plant species conform communities of well-defined
floristic composition with uniform physiognomy distributed in the
landscape (Salamanca et al., 2003). These communities are defined
(and named) based on the dominant species which usually correspond
to specific growth forms. In the paramo of Los Nevados National Park,
five main communities have been described: giant-rosettes, tussock
grasses, shrubs, cushion plants and mixed communities (Gutiérrez-
Lagoueyte, 2017). From these, the three most representative commu-
nities (most abundant) were selected: giant-rosettes, shrubs and tus-
sock grasses. The giant rosettes community is dominated by one-stem
caulescent rosette of the species Espeletia hartwegiana, tussock
grasses of Calamagrostis and herbs; the shrub community is mainly
composed by woody species of limited growth and ramified stems,
mostly dominated by shrub species of the genera Pentacalia, Disploste-
phium, Baccharis and Hypericum, and in less abundance some grasses
and herbs; and the tussock grass is defined mostly by the presence of
tussocks of Calamagrostis and Festuca, and sparely by low abundant
small shrubs and herbs. After identification of the community loca-
tions, five sites per community were randomly selected within these
zones for the installation of the chambers.

2.2 | Chambers design and ETa measurements

The chambers to measure ETa were built directly in the field using
PVC tubes (25 mm diameter), which were attached by PVC adapters
to form a cubic chamber of 3.375 m® using tubes of 1.5m long
(Figure 1). Transparent polyethylene sheets were used to cover the
chamber structure. Previous to the experiment, the chambers were
tested in January 2019 and it was observed that, after approximately
10 min, relative humidity within the chamber stabilized and saturation
was reached. Therefore, in March (23-28 March 2019) and in May
2019 (12-15 May 2019), the chambers were closed for 10 min every
hour from 9:00 AM to 3:00 PM and were left open for the rest of the
time. This allowed the relative humidity to reach the same humidity
level as the surrounding environment before the next measurement.
Due to the remote location of the sites, time slots could not be
extended to measure ETa during a complete day (6:00 AM to

Summary of weather conditions registered by the meteorological stations during the experimental period 1 March 2019 to 31 May

2019 (Exp. columns in the table); and the average monthly value from measurements of January 2018 to December 2020 (Overall columns in the

table). Solar radiation was calculated based on data from 6:00 to 18:00.

Temperature (°C) Relative humidity (%)

Wind speed (m s~ %)

Solar radiation (W m—32) Precipitation (mm)

Exp. Overall Exp. Overall Exp.
Average 4.59 4.67 93 86 2.24
SD 21 2.6 6.17 0.11 1.6

Overall Exp. Overall Exp. Overall
2.63 146.36 154.16 126.78 96.21
1.8 247.71 237.81 7.21 29.37
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6:00 PM). Inside the chambers as well as outside, HOBO
Temperature/RH Data Loggers - MX2301A were installed. Tempera-

ture and relative humidity measurements were recorded every second
during the study period.

Calculations of instantaneous hourly ETa rates and total daily ETa
rates were developed using vapour density data as described by
McLeod et al. (2004). The measurements of temperature and relative
humidity inside the chamber were used to calculate the rate of vapour
density. MclLeod reported in 2004 the use of a calibration factor to
account for the water absorption of the material of the chamber
which was Perspex (showing hydrophilic properties). In this research,
a calibration was not thought necessary, as the water absorption of
polyethylene is very low (McLeod et al., 2004; Vasile et al., 2005).

To determine vapour density (pv), we calculated saturation vapour
pressure (e;) and the partial vapour pressure (e) (Equation 1 and 2).

e, =6.11 x exp(17.27t/(241.2+t)) (1)

where e; is the saturation vapour pressure, t is temperature (°C) and
17.27 and 241.2 are constant values related to atmospheric pressure,
which have been proposed by Bolton in 1980 and has been in other
research in the mountain ranges of Colombia (Ruiz-Carrascal
et al.,, 2019). This formula is elevation dependent as it follows temper-

ature variations (Bolton, 1980).

e=(RH x e;)/100 (2)

where e (hPa) is the effective vapour pressure, RH is relative humidity
(%) and e, is saturation vapour pressure in hPa.

From these two values, the vapour density pv (g/cm®) was calcu-
lated (Equation 3).

pv=(0.622¢/(287.04 x t)) x 10° (3)

Then, vapour density inside the chambers was plotted over time. A
linear trend was applied to the increasing section of the vapour den-
sity plot. The slope of this trend line (M) represents the vapour

FIGURE 1 Closed (a) and open chambers
(b) installed in the field.

accumulation rate and was used in Equation (4) to calculate ETa rates
per hour (mm h~%).

Mv
ETaper hour = 3.6 x A (4)

where 3.6 is the factor to convert g m™2 s~ into mm h™%, M is the
slope of the trend line (g m~2 s, V is the volume of the chamber
(m3) and A is the area occupied by the chamber (m?). Moreover, as
day length in the paramos lasted on average 12 h, based on solar radi-
ation measurements recorded by the meteorological stations, the ETa

daily rates were then estimated using Equation (5).

ETper day = Z(ETper hour) x 12 (5)

2.3 | Evapotranspiration rate calculation using the
Penman-Monteith equation

Daily rates of reference evapotranspiration (ETo) were calculated from
March to May 2019 using the Penman-Monteith equation
(Allen, 2005) to compare with the ETa rates obtained via chamber
measurements. Meteorological data were obtained from the field
measurements, as indicated above, which included, wind speed, air
temperature, net radiation (calculated from global radiation), relative
air humidity and atmospheric pressure.

ARy —G)+ (%) (es —ea)

FTo= lpW<A+y(1+:—:>)

where:

o ETo: evapotranspiration (mm day™?)
e A: slope of the saturation vapour pressure versus temperature
curve (kPa °C™1)
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e R,: Net radiation flux at the surface (MJ m~2)

e G: Sensible heat exchange from the surface to the soil (MJ m~?)

e p: Dry air density (kg m™3)

o C,: Specific heat of air at constant pressure (J kgt K™Y

e (es-e,): Vapour pressure deficit (kPa)

e y: Psyhometric constant (kPa°C™1)

e r. surface resistance (s m™?%)

e r,: aerodynamic resistance (depending on leaf boundary layer)
(sm™?)

e 1 Latent heat of vaporization or the energy require to vaporize lig-
uid water into water vapour (J kg™%)

e p,: Density of liquid water (kgm™>)

The slope of saturation vapour pressure (A) was calculated fol-

lowing Equation (7).

4098 [0.61083#755721

A= 5
(T+237.3)

where

e A: slope of saturation vapour pressure (at air temperature T)
(kPa°C™Y)
e T:air temperature (°C)

Dry air density (p) was calculated following Equation (8). The
average air pressure in the paramo over the period studied was
0.76 Pa.

p
Pdry air = (8)
RxT

where

* Paryair: density of dry air (kgm™2)

e p: air pressure (Pa)

e R: specific gas constant for dry air, 287.05 J kg™ K~1
e T: Temperature (°K)

The psychometric constant (y) was calculated following
Equation (9).

_PxGp
T exA

where:

e P: atmospheric pressure (kPa)
e J: latent heat of vaporization, 2.45 (MJ kg~°C™?Y)
e C,: specific heat at constant pressure, 1.013.10~% (MJ kg~ **C™?%)

e ¢: ratio molecular weight of water vapour/dry air, 0.622

The published thermodynamics values for specific heat (Cp) at the
average temperature measured in the paramo were retrieved from
(Hilsenrath, 1955).

Stomatal resistance was calculated using the average stomatal
conductance (mmol m~2 s~%) per community converted to s m~?!
(Equation 10), and the LAl was measured during the studied period

(Table S3).

Sc+0.001

Se(sm ) =— ey
a (1013) (W)

where

e Sc: Stomatal conductance (mmol m~2 s~%) measured in the field as
explained below

o a:44.6 (29

e T: Temperature (°K)

The surface resistance (r,) is a function of stomatal resistance (r)
and leaf dimension expressed by the Leaf Area Index (Table S3)
(Stone & Plante, 2014) (Equation 11).

r

's = effective LAI (11)

where:

e r: Stomatal resistance (s m~?)
o effective LAI: 0.5 x LAl

Aerodynamic resistance (r,) was calculated based on Equation (12)
(Allen, 2005).

In (%) x In (%’) 12)

re=
k2><uZ

where

e r,: aerodynamic resistance (s m™?)

e z.: height of wind measurements (m)

e 2z, height of humidity measurements (m)

e d: zero plane displacement height (m)

e z,,: roughness length governing momentum transfer (m)

e 7z, roughness length governing transfer of heat and vapour (m)
e k: von Karman's constant, 0.41 (—)

o u,: wind speed at height z (m s™%)

Heights at which wind and humidity sensors were placed were
measured in the field (2.07 and 1.5 m, respectively). Then, d, z,, and
z,n and d were calculated following Equations (13)-(15) (Allen, 2005).
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The average plant height (h) was calculated per community based on

measurements done in the field (Table S2).

d:%xh (13)
Zom=0.123 x h (14)
Zoh = 0.1 X Zom (15)

where:

h: plant height (m)

24 | Stomatal conductance
Stomatal conductance was measured to estimate ETo for each com-
munity studied using the Penman-Monteith equation. At each cham-

2 s71) was measured on

ber location, stomatal conductance (umol m~
the abaxial side of the leaves of two individuals from the dominant
species at each community (Table S4) by using a SC-1 leaf porometer
(Meter Environment®). Three leaves (at three different heights) per
individual were randomly selected and measured during the studied
period, every hour between 10:00 AM and 1:00 PM only for sunny
and dry days. Based on the leaf measurements, the mean value by
individual was calculated. To obtain average stomatal conductance
per community, the measurements were weighted using the mean
abundance of each species by community observed in the plots
(Table S4). Importantly, although porometers have been used in tus-
sock grass and pasture grasses (Baruch et al., 1985; Ramirez
et al., 2006), it has been discussed that high relative humidity of the
incoming air (more than 80% RH) can generate significant errors in
the porometer measurement (Mcdermitt, 1990). For that reason, the
porometer was calibrated daily and the silica gel was also changed
regularly, and no measurements were made when the humidity was

too high for the porometer to correctly calibrate.

2.5 | Data analysis

All data analyses were performed using R programming (R Core
Team, 2018) and Microsoft Excel. Average ETa hourly rates and

standard deviation were first calculated for the three communities.
Based on the ETa hourly rates obtained during the studied period, a
comparison was made between communities. To achieve this, a one-
way ANOVA test was performed to check for significant differences
between communities. Data was checked for homogeneity using the
Levene test and for normality using a Shapiro test. Significant level
was set at 0.05. Finally, a Tukey multiple comparison test was applied
to compare the differences between each community. The Penman-
Monteith ETo rates were also compared among communities using
the non-paramteric Kruskal Wallis and Withney-Wilcoxon tests.
Finally, to assess the strength of the correspondence between the
results obtained via the Penman-Monteith and the closed chamber
method, a linear regression was applied to the daily ET rates measured
with the two methods at the same times and days.

To understand which variables were most important in the varia-
tion of ETa rates at the closed chambers measurements, a principal
component analysis (PCA) was performed. The PCA also enabled to
ordinate communities according to their ETa rates and environmental
co-variables. The analysis was carried out using the Factoextra and
the FactoMineR packages (Le & Husson, 2008). Correlation between
ETa rates and each environmental factors was also tested via spear-
man correlation tests.

The environmental variables included in the analysis were solar
radiation, temperature and relative humidity. Precipitation was also
added for its effect on soil moisture and air humidity. Finally, a redun-
dancy analysis was carried to extract and summarize the variation in

the ET rates using these environmental variables.

3 | RESULTS

Average hourly and daily ETa rates per community are presented in
Table 2. Average ETa rates were very low (with an average of
0.018 mm h™? for the three communities) and presented a relatively
high variation (with rates varying from O to 0.1 mm h™%). The ANOVA
test showed no significant difference (p = 0.07) among the three com-
munities (Figure 2). Based on the multiple comparison procedures
(Tukey's test), shrubs ETa rates differed most from the two other com-
munities, though none of these comparisons were significant. Also, it
was observed that the time needed for the chamber to saturate was
different between vegetation communities as chambers installed in
the tussock plant community showed the fastest saturation. More-

over, during the preparation of the experiment in the field, water

TABLE 2 Average hourly and daily

Chamb P -Monteith
amber enman-iviontet rates of ETa (+ SE) for each community

Community mmh~?! mm day ! mmh~?! mm day ! measured via the portable closed

Overall 00180018  0290£0266  0062£0039  1017:046g chamberand calculated via the Penman-

Monteith equation (ETo).

Shrubs 0.023 £ 0.022 0.323 £ 0.290 0.081 + 0.038 0.981 £ 0.456

Tussock grasses 0.016 £ 0.018 0.272 £ 0.286 0.091 + 0.040 1.069 + 0.461

Giant rosettes 0.016 + 0.014 0.276 £ 0.223 0.081 + 0.038 0.976 + 0427
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FIGURE 2 Evapotranspiration rates (mm day ') measured via the . .
P P ( y) FIGURE 3 Evapotranspiration rates (mm day?) calculated via the

chamber method (ETa) for the three plant communities studied during
the experimental period.

condensation was observed on the chamber walls early in the morn-
ing, with a consequent increase of air humidity inside the chambers,
therefore it was decided that no measurements would be made until
all condensed water inside was removed.

The hourly and daily average ETo rate calculated using the
Penman-Monteith equation during the experimental periods are also
presented in Table 2. The stomatal conductance measurements used
in this equation are presented in Figure 5. A high variation in daily and
hourly ETo rates was observed with a maximum of 2.69 mm day !
and a minimum daily rate of 0.244 mm day 1. Although the ANOVA
test was not significant, tussock grasses showed a highest ETa daily
rate  (1.069 + 0.461 mm day™!) compared to shrubs (0.981
+0.456 mmday™) and giant rosettes (0.976 = 0.427 mm day™ %)
(Figure 3).

There was a significant linear relationship (F statistics; p < 0.05)
between the chamber daily ETa measurements and the calculated PM
ETo rates with an adjusted R? value was 0.37 as shown in Figure 4.
The results obtained via the PM equation were nearly 25% higher
than the ET rates measured using the portable chambers.

3.1 | Stomatal conductance

The weighted stomatal conductance from the measurements (at the

abaxial side of leaves) in the individuals at the three communities are

Penman-Monteith equation (ETo, right) for the three plant
communities studied during the experimental period.

presented in Figure 5: tussock grasses (Calamagrostis recta), giant
rosettes (Espeletia hartwegiana), and shrubs (Diplostephium schultzii
and Pentacalia vernicosa). The stomatal conductance was significantly
different among communities (p < 0.05) when using a one-way
ANOVA test. The multiple comparison (Tukey's test) showed that
these differences were significant only between shrubs and giant
rosettes communities (p < 0.05), but not between giant rosettes and
tussock grasses or shrubs and tussock grasses. Giant rosettes had the
highest stomatal conductance.

3.2 | Control of climatic factors on ET rates
According to PCA analysis, temperature was the climatic variable
which explained most of the variation (55.2%). between the environ-
mental variables (relative humidity, temperature, solar radiation and
precipitation) and ETa rate from the chamber measurements
(Figure 6). Moreover, ETa rates were significantly positively correlated
with solar radiation and temperature (p < 0.05) and negatively corre-
lated with relative humidity (p < 0.05).

The redundancy analysis performed showed that solar radiation,
temperature, precipitation and relative humidity have a significant
effect on ETa hourly rates variation and these factors were signifi-
cantly explaining ET hourly rates variation (Table 3). The adjusted R?
for the model selected was 0.52.
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FIGURE 4 Comparison of the daily ETa rates
measured via the chambers and via the Penman-
Monteith equation (ETo) for the experimental
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Tussock grasses [dark green]).
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3.3 | Control of soil water content on ETa rates

Temporal dynamics of soil water content from 5- to 80-cm depth in
studied sites are shown in Figure 7. Soil moisture at these sites were
near field capacity during the entire measured period, and far above
the permanent wilting point (horizon A: 0.25 cm® cm~3). These soil
moisture values imply a large water availability for plant transpiration.
At soil surface (5 cm) water content was more variable than at deeper
soil depths, which is connected to dynamics of precipitation, soil
water uptake by roots and soil drainage 2011. The average soil water
content for the period studied was at 0.59 cm® cm~3. Overall, the
amount of water present in soils was stable over the study period and
did not decrease much below the field capacity.

4 | DISCUSSION

This research provides evidence of a low and consistent actual evapo-
transpiration rate across three plant communities specific to paramo

vegetation. This low ETa is primarily driven by the low relative humid-
ity observed in this ecosystem, especially during the rainy season.
Nonetheless, some differences are observed among communities and
can be explained by differences in leaf traits and water use strategies
(Frenck et al., 2018; Maxwell et al., 2018; Zhang et al., 2018).

Shrubs, which showed the highest ETa, have small to very small
leaves (compared with tussock grasses and giant rosettes) with a high
density of stomata (mostly on the abaxial side) and varying trichome
densities; these traits can reduce water losses, but other specific
adaptations of tussock grasses and giant rosettes potentially explain
the lower ETa rates in these two communities (Gutiérrez-Lagoueyte
et al., 2023. Indeed, dominant species Espeletia hartwegiana of the
giant rosettes community presents pubescent leaves (Gutiérrez-
Lagoueyte et al., 2023), which diminish the impact of wind and solar
radiation on evapotranspiration and increase the diffusive resistance
of the leaf boundary layer (Azocar & Rada, 2006; Cardenas
et al., 2018; Mora Osejo, 2001). Furthermore, about 75% of standing
leaves of tussock grasses are necromass, and only 25% of leaves are
potentially available for transpiration also lowering evapotranspiration
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FIGURE 6 Principal component analysis (PCA) analysis including
relative humidity, precipitation, temperature, solar radiation and
evapotranspiration hourly rates (ETa) measured in chambers (green:
shrubs, purple: giant rosette and yellow: tussock grasses).

(Azocar & Rada, 2006; Buytaert, Ifiguez, et al., 2006; Gutiérrez-
Lagoueyte et al., 2023). In this research, the results also underline the
high variability of the evapotranspiration rates that can be explained
by the high diurnal temperature variations commonly occurring in
paramo environments (Azocar & Rada, 2006; Peyre, 2015; Ruiz-
Carrascal et al., 2019).

Using the Penman-Monteith equation, the differences among
communities are driven by differences in LAI, height and stomatal
conductance but do not include any other aspects of the communi-
ties. The relatively higher LAl measured in tussock grasses combined
with their low height and higher stomatal resistance explain the higher
rates calculated as shown by similar results obtained by Gutiérrez-
Lagoueyte (2022).

Stomatal conductance varied among communities (although not
significantly) suggesting physiological differences among species in
their regulation of stomata. Contrarily to the ET rates measured in the
chambers, the average stomatal conductance was higher in Espeletia
hartwegiana (giant rosettes) than in tussock grass species and shrub
species. The lower SC observed in shrubs could be due to the high
interspecific variation in stomatal conductance within the shrub com-
munity reducing the average SC measured for shrubs (Figure S4).
Moreover, a high stomatal conductance has not shown to be directly
correlated to a higher ET in the paramos (Jarvis & McNaughton, 1986;
Martin et al., 1999). The higher stomatal conductance of giant
rosettes could be explained by the presence of a reservoir of water in
the stem pith, which helps with the regulation of the water potential
gradient and allows a higher control on the water loss through sto-

mata; therefore, the species has the ability to continuously move

TABLE 3 Redundancy analysis including ETa hourly rates water and transpire (Cardenas et al., 2018; Mora Osejo, 2001; Rada
(response) and climatic factors measured in the field (R? = 0.52). et al,, 2012).
Variance I3 Pr (>F) Dissimilarities in the evapotranspiration of plant communities
Temperature 1.505¢ %% 112.895 0.001 have already been found in alpine ecosystems (McLeod et al., 2004;
i . @8 van den Bergh et al., 2013; Zhang et al., 2018); however, comparisons
Relative humidity 9.306e 6.976 0.019
made on plant communities located at different altitudes and conse-
Precipitation 5.902¢°° 4.424 0.036 ) N )
o4 quently  environmental  conditions were also different
Sol diati 3.618e™ 27.123 0.001 L.
olar radiation € (e.g., temperature and solar radiation) (van den Bergh et al., 2013). In
FIGURE 7 Soil volumetric water content at —Sem ——1scm 30¢m 8em o pwp
5-, 15-, 30- and 80-cm depth recorded from 1-31 o8
May 2019, and field capacity values, as found T
from the water retention curve Tobdn, 2022c. "; 7 b f/r\’\'r\N\-
§ 0.6
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]
%
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Andean paramos, vegetation communities have evolved under similar
environmental conditions and the high saturation of the air reducing
the evapotranspiration during the wet season studied makes the dis-
crimination across communities more complex (Flantua et al., 2019;
Peyre, 2015). Also, the different results obtained among methods is
expected as the models and the scale underlying each methods differ:
the chambers measure the evapotranspiration of a vegetation patch
while the porometer gives information at the leaf level and Penman-
Monteith estimates ET at the ecosystem scale (Allen, 2005; Gutiérrez-
Lagoueyte, 2022).

4.1 | ET through closed chamber compared with
Penman-Monteith approach

The average ETa rates obtained via the chamber measurements are
very low (average daily rate of 0.223 + 0.224 mm day~?) and are com-
parable with minimum ETa rates obtained in several studies done in
similar ecosystems. Importantly, ETa rates measured by the chamber
and ETo estimation are linearly correlated supporting that they are
able to measure similar processes, only at different scales. For exam-
ple, a study led in Ecuador showed that the actual evapotranspiration
measured via the Eddy covariance method was 1.74 mm day ! with
minimal events of 0.3 mm a day and maximal events of 5.1 mm day !
(622 mmyear™!) (Carrillo-Rojas et al, 2019; Ochoa-Sanchez
et al, 2019). Moreover, in the Tibetan plateau, average ET rates
between 0.4 and 2.2 mm day~! were measured with high seasonal
effect on these rates (Gu et al., 2008). Also, a study in the south part
of the National Park Los Nevados (paramo de Romerales), potential
evapotranspiration was calculated using Penman-Monteith and fre-
quent daily rates of lower than 0.8 mm day ! and a yearly evapo-
transpiration rate of approximately 327.8 mm were found (Valencia-
Leguizamon & Tobon, 2017). On the other hand, average daily rates
obtained via the Penman-Monteith method (average daily rate of 2.9
+ 3.5 mm day %) corresponds to the highest values measured previ-
ously in these ecosystems (Ochoa-Sanchez et al, 2019; Tobdén &
Castro, 2022; Vasquez et al., 2022). For instance, in the East Cordillera
of Colombia, in the paramo of Chingaza, frequent events of lower
than 0.6 mm day~* and maximum ET rates of 2.4 mm day~* were cal-
culated (approximately 223.6 mm per year) (Valencia-Leguizamon &
Tobon, 2017). Therefore, compared with the research mentioned
above, it appears that Penman-Monteith calculation could overesti-
mate evapotranspiration while the chamber method
underestimates it.

Several factors can explain Penman-Monteith overestimation
observed in this study. First, this equation aims at calculating the ref-
erence evapotranspiration (ETo) which has shown to be 13% higher
than the actual ETa measured by chambers (Ochoa-Sanchez
et al., 2019). Then Penman-Monteith has shown to overestimate ETa
as this method assumes that water is an unlimited resource, freely
available in the leaf and that vegetation grows under stress-free con-
ditions (Allen, 2005; Rodriguez-Iturbe & Porporato, 2005). The use of
calibration factors has been advised as the equation also

overestimates ETa by 22% (Ochoa-Sanchez et al., 2019). Furthermore,
the Penman-Monteith equation follows a single layer or ‘big leaf’
approach which implies that the transport properties of the vegeta-
tion surface is represented by a single-surface resistance and a single
aerodynamic resistance (Allen, 2005). This approach has shown to be
adequate in most ecosystems such as temperate forests; however, it
might not be adequate for paramo vegetation because of the fre-
quency of low clouds, fog conditions and very high RH conditions
(Cordova et al., 2015; Tobdn, 2022d).

The measurements of ETa using the chambers underline that the
ETa rates of the vegetation of the paramo might be lower than what
has been previously estimated in other paramos (Carrillo-Rojas
et al., 2019; Ochoa-Sanchez et al., 2019). However, ETa rates mea-
sured in this study are also low due to the short study period and the
high humidity observed during the rainy season. Indeed, increased fre-
quency of precipitation and fog events during this period have shown
to significantly decrease ET rates (Tobdn, 2022). Underestimation of
ETa measured using closed chambers could be due to several factors:
first, most of the studies mentioned above calculated these daily aver-
ages on longer time periods (usually 1 year or more). However,
although the analysed data corresponds to a small period of the year,
it does reflect the dynamics of the ET variation for an hourly scale and
under controlled conditions. Closed chambers might result in lower
ETa mainly due to (1) the difference on radiation wavelength entering
the chamber, (2) the absence of wind inside the chambers, (3) the high
relative humidity measured during the study period in the paramo and
(4) the formation of a specific micro-climate inside the chambers
through the increase of temperature and humidity, thus suppressing
ETa (Hewitt et al., 2018; McLeod et al., 2004). Importantly, the models
and techniques previously applied to paramos, include the presence
of open-water surfaces such as lagoons in the paramos, while the
chambers focuses on water lost by plant and soil in small areas
(Kairu, 1991). Indeed, if looking at the global water cycle, transpiration
from the biota only represent 0.003% of the land water reservoir,
while surface waters represent 0.6% therefore having a higher contri-
bution to the evapotranspiration of the land ecosystems
(Chahine, 1992). The chambers offer a potential affordable and porta-
ble method to compare ETa between plant communities in remote
and heterogeneous ecosystems however they should be improved to

be installed for longer period.

4.2 | Environmental control on ET

This study showed that soil water content was not a limiting factor as
it remained quite high (above FC) for the whole period. This is differ-
ent from other paramos such as in Venezuela, where soil water con-
tent variations was the environmental factor which control the most
ET rates (Mora Osejo, 2001). Contrary, in this study, energy availabil-
ity represented by solar radiation and temperature seemed to be the
controlling factors of ET, which was also found in Ecuadorian paramo,
where higher solar radiation led to higher evapotranspiration (Ochoa-

Sanchez et al., 2019). Solar radiation has proved to trigger stomatal
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opening therefore increasing ET (Mora Osejo, 2001; Pearcy
et al., 2000). Relative humidity also played a role in lowering ET rates
as no additional water vapour can be added to the atmosphere at high
relative humidity (Musy & Higy, 2011). Importantly, deforestation of
the Andean forest added to the future warmer and drier climate
expected in montane cloud belts worldwide, could reduce the occur-
rence of fog therefore decreasing the relative humidity and increasing
solar incidence (Alvarado-Barrientos et al., 2014). Based on the data
obtained in this study this might eventually increase ET therefore

decreasing the water yield of paramos.

5 | CONCLUSIONS

To conclude, this study underlines that the rates of ETa could be
lower than initially calculated using ETo methods, at least in humid
paramos as found in the Northern Andes. The closed chambers were
useful at comparing ETa on small areas in a Colombian paramo under
similar monitored environmental conditions among plant communities
during the rainy season and they provided a better understanding of
the water use strategies of vegetation communities in this ecosystem.
The low ETa rates measured for the different plant communities fur-
ther confirm the hypothesis that paramos vegetation plays a crucial
role in lowering the overall evapotranspiration of this ecosystem and
help improve the water retention capacity of this ecosystem, due to
the low evapotranspiration rates. Also, a high variation in the daily ET
rates was observed and was correlated with the large fluctuations of
daily solar incidence and temperature. These results therefore under-
line the importance of these environmental factors in determining ET
rates by different plant communities in Andean paramos. Finally, this
study highlights the need to develop more accurate and low-cost ET
measuring methods and adapting estimation methods to tropical eco-

systems such as the paramos.

SIGNIFICANCE STATEMENT

This article aims at improving the understanding of evapotranspiration
in high altitude Andean ecosystems that is crucial as they act as a per-
manent water source for surrounding cities. Here, evapotranspiration
was measured using portable closed chambers and the results con-
firmed the importance of the vegetation in reducing water losses.
Based on this method, ETa of the local biota might be even lower than
initially estimated for Colombian paramos. Moreover, the importance
of solar radiation and temperature in controlling evapotranspiration
rates was underlined bringing important insight on the water cycle
responses to climate change in these ecosystems. This article also
stresses the need to develop more suitable and accessible methods to
measure evapotranspiration rates in tropical high-altitude ecosystems.
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