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Abstract

In forest ecosystems the energy balance, the water cycle and the carbon
cycle are linked through the evapotranspiration process.
Evapotranspiration is highly variable in space and time since it is
controlled by numerous biophysical factors. The objective of this study
was to analyze the seasonal variability of evapotranspiration and identify
the main factors that influence this process. The eddy covariance
technique was used to measure fluxes of sensible heat and latent heat
(equivalent to evapotranspiration) in a temperate forest under forest
management, located in the region of Zacualtipan, Hidalgo, Mexico.
Simultaneously, net radiation, ground heat flux, soil moisture content and
other meteorological parameters were measured. During the analyzed
period, the proportion of the net radiation with the latent heat and
sensible heat fluxes was similar most of the time. The total observed
annual evapotranspiration was 980 mm. It was lower in the “cold front”
season and no differences were found between the rainy season and the
dry season. Temperature, soil moisture, net radiation and vapor pressure

deficit explained most of the variability of the evapotranspiration. Further

Tecnologia y ciencias del agua, ISSN 2007-2422, 12(2), 490-537. DOI: 10.24850/j-tyca-2021-02-11



2021, Instituto Mexicano de Tecnologia del Agua

*n Open Access bajo la licencia CC BY-NC-SA 4.0

. \Nes
Tecnologiay ™= (https://creativecommons.org/licenses/by-nc-sa/4.0/)

CienciaszAgua

studies are necessary to involve the analysis of ecosystem productivity
and water use efficiency, to better understand ecosystem processes and

identify appropriate sustainable forest management practices.

Keywords: Energy balance, temperate forest, latent heat, eddy

covariance, seasonal variation, Pinus patula.
Resumen

En los ecosistemas forestales, el balance de energia, el ciclo del agua y el
ciclo del carbono se vinculan a través del proceso de evapotranspiracion.
La evapotranspiracion es altamente variable en espacio y tiempo, y esta
controlada por numerosos factores biofisicos. El objetivo de este estudio
fue analizar la variabilidad estacional de la evapotranspiracion e identificar
los principales factores que influyen en dicho proceso. El método de eddy
covariance se utilizé para medir los flujos de calor sensible y calor latente
(equivalente a evapotranspiracién) en un bosque bajo manejo forestal,
ubicado en la regidn forestal de Zacualtipan, Hidalgo. Simultdneamente
se midid la radiacidn neta, el flujo de calor del suelo, el contenido de agua
en el suelo y otros parametros meteoroldgicos. A lo largo del periodo
analizado, la proporcién de la radiacidon neta con los flujos de calor latente
y calor sensible fue similar la mayor parte del tiempo. La
evapotranspiracion total anual observada fue de 980 mm. Esta fue menor
en el periodo de “nortes" y no se encontraron diferencias significativas
entre el periodo de lluvias y el de secas. La temperatura, humedad del
suelo, radiacion neta y déficit de presidn de vapor explicaron la mayor
parte de la variabilidad de la evapotranspiracién. Se recomienda realizar
estudios posteriores que involucren el andlisis de la productividad del

ecosistema vy eficiencia en el uso del agua, para comprender mejor los
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procesos del ecosistema e identificar practicas apropiadas para el manejo

forestal sostenible.

Palabras clave: balance de energia, bosque templado, calor latente,

covarianza de vortices, variacion estacional, Pinus patula.
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Introduction

Forests play an important role in the water and energy balance of the
earth's surface (Dolman, Moors, Grundwald, & Bernhofer, 2003;
Matsumoto et al., 2008), since they influence the components of the
hydrological cycle and have the ability to capture and redistribute solar
energy (Ellison et al., 2017). Of the solar energy that reaches the earth's
surface, a part is reflected back into the atmosphere, the rest remains
available to drive ecosystem s natural processes, and it is known as net
radiation (Huryna & Pokorny, 2016). Net radiation is partitioned into
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sensible heat flux, ground heat flux, and latent heat flux. The latter

provides the energy for the evapotranspiration process (Bonan, 2016).

Evapotranspiration is the sum of water vapor released by the soil
and vegetation, into the atmosphere (Law et al., 2002; Biederman et al.,
2016). Much of this process is directly associated with the productivity of
the ecosystem, since the assimilation of CO2, during photosynthesis and
transpiration, is regulated by the dynamics of opening and closing of the
stomata (Canny, 1998). In forests, evapotranspiration is comprised of soil
evaporation, canopy interception, and plant transpiration (Sun, Domec, &
Amatya, 2016).

Evapotranspiration varies with climate, vegetation type, plants
phenological stage and it is directly affected by land management
strategies and climate change (Liu & El-Kassaby, 2018). Therefore,
changes in land cover and climate factors directly affect the regional
hydrological cycle, energy balance, and ecosystem functions, including

evapotranspiration (Liu et al., 2018).

The management of forest resources in Mexico has been aimed at
developing silvicultural practices that allow maximizing wood production
(Perez-Verdin, Monarrez-Gonzalez, Tecle, y Pompa-Garcia, 2018). These
practices improve the productivity of ecosystems and contribute to the
reduction of greenhouse gas emissions (Ussiri & Lal, 2017). However,
several studies have reported that the implementation of these activities
cause a negative impact on the regulation of water fluxes (Monarrez-
Gonzalez, Perez-Verdin, Lopez-Gonzalez, Marquez-Linarez, & Gonzalez-
Elizondo, 2018).
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Despite the importance of understanding forest evapotranspiration
process, direct measurements at the landscape scale have only been
possible in the last two decades (Baldocchi, 2019; Wilson & Baldocchi,
2000) and in recent years in the case of Mexico (Delgado-Balbuena et al.,
2019). Generally, evapotranspiration estimates in forest ecosystems have
been derived as a residual from the water balance (Ozhan, Gékbulak,
Serengil, & Ozcan, 2010). It is also common for evapotranspiration to be
considered a proportion of potential evapotranspiration; and therefore it
is calculated from meteorological information obtained at fixed stations
with numerous direct, theoretical and empirical methods (Garcia,
Campos, Di Bella, & Posse, 2008). These approaches tend to be relatively
inexpensive; however, the derived evapotranspiration estimates have
limited ability to inform biophysical controls on short time scales.
Currently, there are other more sophisticated and more accurate
methods, which are based on the analysis of turbulent fluxes to determine
actual evapotranspiration (Garcia et al., 2008). Among these methods the
eddy covariance technique provides direct and continuous measurements
of energy and water vapor exchange between an ecosystem and the
atmosphere (Baldocchi, 2003; Aubinet, Vesala, & Papale, 2012).

At a global scale, several studies that have used this method report
that the distribution of energy and evapotranspiration show seasonal
variations (Mo, Liu, Chen, y Hu, 2018; Sanwangsri, Hanpattanakit, &
Chidthaisong, 2017; Tsuruta, Kosugi, Takanashi, & Tani, 2016);
interannual variations (Miyazaki et al., 2014), and among forest
ecosystems (Briummer et al., 2012; Cristiano et al., 2015; Sun, Zou,
Wilcox, & Stebler, 2018). In Mexico, the studies on the exchange of water

and energy between terrestrial ecosystems and the atmosphere are still

Tecnologia y ciencias del agua, ISSN 2007-2422, 12(2), 490-537. DOI: 10.24850/j-tyca-2021-02-11



2021, Instituto Mexicano de Tecnologia del Agua

'I‘gby Open Access bajo la licencia CC BY-NC-SA 4.0
Tecnologia y _\;‘-\-— (https://creativecommons.org/licenses/by-nc-sa/4.0/)
CienciaszAgua

limited. Most of them are focused on grasslands and shrublands and
tropical deciduous forests in the arid and semi-arid zones of the country
(Martinez-Yrizar, Alvarez-Sanchez, & Maass, 2017). Such studies have
focused on trying to understand the influence of precipitation (Pérez-Ruiz
et al., 2010); topographic factors (Berry, Gotsch, Holwerda, Mufioz-
Villers, & Asbjornsen, 2016); vegetation cover (Holwerda, Alvarado-
Barrientos, & Gonzalez-Martinez, 2016), and the role of fog (Alvarado-
Barrientos, Holwerda, Asbjornsen, Dawson, & Bruijnzeel, 2014) on
hydrological dynamics and energy exchange. In the case of temperate
forests, this study is the first report in Mexico of energy exchange and
evapotranspiration, based on continuous measurements of turbulent
fluxes. Understanding the variability of these processes and their main
control mechanisms will provide a solid foundation to address the
challenges of climate change and the effects of forest management
actions. The objectives of our study were: (i) to estimate the energy
exchange and evapotranspiration in a forest under forest management
with the eddy covariance method, (ii) to determine the meteorological
variables that control evapotranspiration, and (iii) to analyze the seasonal
variability of water and energy fluxes in a temperate forest in central

Mexico.

Materials y methods
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Study site

The study site is located at the Intensive Carbon Monitoring Site Atopixco
(20 © 37 '49.78 "N and 98 © 37' 51.01” W and 20 ° 35 '18.74 "N and 98
© 35' 23" W), at the forest region of Zacualtipan, Hidalgo (Figure 1). It is
a temperate forest under forest management for timber production since
1980. The silvicultural development method with the regeneration of seed
tree method is used at this site, which has allowed the generation of
evenage stands dominated by Pinus patula Schltdl. et Cham. Also, part of
the forest structure are species such as: Quercus laurina Humb. et Bonpl,
Quercus rugosa Neé, Quercus excelsa Liebm, Clethra mexicana D.C., and
Vaccinium leucanthum Schitdl at low densities (Angeles-Pérez et al.,
2015).
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Figure 1. Study site location.

The predominant climate of the region is temperate-humid, with a
marked rainy season between June and October (1 200-1 600 mm
annually); and mean annual temperature that ranges between 12.5 and
14.5 oC (Soriano-Luna et al., 2018). Because it is located in one of the
highest parts of the Sierra Madre Oriental (2075 masl) (Angeles-Pérez et
al., 2015), this ecosystem is directly exposed to the humid winds from
the Gulf of Mexico and to the entry of cold fronts ("Nortes") that dominate
during the winter season. The soil types are feozem haplic (Hh), deep and

rich in organic matter (Aguirre-Salado et al., 2009).
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The Intensive Carbon Monitoring Site was established according to
the methodology proposed by Hollinger (2008). The design consisted of a
3 x 3 km polygon, divided into 9 quadrants of 1km?2 each, with permanent
sampling plots similar to those used by the National Forestry Commission
(Conafor, 2012) in the National Forest and Soil “s Inventory. In the center
of the polygon an eddy covariance flux tower was instrumented to
measure the exchange of energy and water vapor between the ecosystem

and the atmosphere (Figure 1).

Eddy covariance system and weather sensors

The eddy covariance system was installed in a tower, 32 m above ground
level. An open-path infrared gas analyzer (IRGA, model LI-7500A, LI-
COR, Lincoln, NE, USA) was used to measure the water vapor
concentration; and a three-dimensional sonic anemometer (Gill
Windmaster Pro) to measure wind speed (m / s) in its three components
X, Y, z. Both instruments took measurements at a frequency of 10 Hz and
the data was recorded on a controller and storage interface (LI-7550, Li-
COR, Lincoln, NE, USA).

Simultaneously, meteorological variables were measured: air
temperature and relative humidity at 31m above the ground (Vaisala
HUMICAP sensor); global radiation, net radiation and photosynthetically
active radiation at a height of 33 m (pyranometer LI-COR LI-200, net
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radiometer CNR4 Kip & Zonen and quantum sensor LI-COR LI-190R,
respectively) and precipitation above the canopy (TR-525Mrain rain
gauge).

To measure soil temperature, 2 thermocouples (TCAV Campbell
Scientific) were installed 5 cm below the ground surface. The water
content in the soil was measured with two reflectometers (CS616
Campbell Scientific). ground heat flux was measured at four points with
ground heat flux plates (HFPO1 Campbell Scientific) buried 7 cm from the

ground surface.

Meteorological information and the soil conditions were stored in 30
minute intervals on a CR3000 data logger (Campbell Scientific). The data
collection period was from October 1, 2017 to September 30, 2018.

Data processing

The collected data were processed in the Eddy Pro software version 6.2.0
(LI-COR, Inc., 2016). To calculate sensible and latent heat fluxes, in
periods of 30 minutes, through the covariance of the wind speed, with the
water vapor concentration, and the sonic temperature, respectively
(Burba, 2013).

The procedure included the removal of peaks from the time series

(Vickers & Mahrt, 1997), correction “W-boost” of the calculation error of
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the anemometer that underestimates the vertical speed of the wind; tilt
correction with the double coordinate rotation method (Wilczak, Oncley,
& Stage, 2001); correction of delays between the signals of the gas
analyzer and the anemometer; corrections for fluctuations in air density
((Burba, 2013; Webb, Pearman, & Leuning, 1980), and spectral
corrections of high and low frequency (Moncrieff, 1997; Moncrieff, 2004).
Finally, with the software, the quality control indicators were calculated
for all the fluxes based on the test of turbulent and steady-state conditions
(Mauder & Foken, 2006). The result of the data processing was a
database, which included the value of the intermediate and final variables

calculated for each period.

Data quality control

This procedure was performed on the database that resulted from
processing in Eddy Pro. The database shows the value of sensible heat
fluxes (H), latent heat (LE) and water flux, together with a numerical code
(0, 1 or 2) that indicates the quality of the fluxes. The value "0" indicates
fluxes of better quality, "1" represents fluxes of good quality, while "2"
indicates fluxes of poor quality. The fluxes considered of poor quality were
removed from the analysis. Records that were outside the flux magnitude
limit and those values that were recorded in periods of intense

precipitation were also removed.
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Gapfilling

Although the eddy covariance technique allowed the generation of almost
continuous measurements over time, there were periods of absence of
records caused by system failures and by data exclusion according to data
quality control. The data gapfilling is generally done through the
correlation of the fluxes with meteorological variables (radiation,
temperature or humidity); however, during 27 days distributed
throughout the period, there were no records of these variables.
Therefore, the estimation of the missing flux data was carried out with
the marginal distribution sampling algorithm in REddyProc (Wutzler et al.,
2018). This online tool (https://www.bgc-
jena.mpg.de/REddyProc/brew/REddyProc.rhtml), in addition to
considering the covariance of fluxes with meteorological variables (Falge,
Baldocchi, & Olson, 2001) which allowed the temporal autocorrelation of
the fluxes (Reichstein et al., 2005). The percentage of data generated in
relation to the total was 39 %, of which 12 % corresponded to the daytime

period and 27 % to the nighttime period.

Energy balance closure
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The evaluation of the energy balance closure is a standardized procedure
within the eddy covariance methodology to verify the quality of the
measurements. This procedure consisted of plotting the 30-minute values
of the sum of the sensible heat fluxes (H) and latent heat (LE) against the
difference of the net radiation values (Rn) and the ground heat flux (G).
A trend line was fitted where the value of the slope and the intercept of

the regression line quantified the reliability of the energy balance closure.

Footprint

The footprint was obtained with the eddy covariance measurements. The
analysis was carried out with the Flux Footprint Prediction (FFP) online
data processing tool (Kljun, Calanca, Rotach, & Schmid, 2015). In a
monthly analysis, it was observed that the footprint remained constant

throughout the year.

Data analysis
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To identify the environmental controls that influence the variation of
evapotranspiration, a Spearman correlation matrix was used. This
nonparametric analysis was chosen because the data did not show a
normal distribution. The variables used were: net radiation,
photosynthetically active radiation, air and soil temperature, relative
humidity, vapor pressure deficit, precipitation, and soil water content.
Subsequently, a multiple linear regression model was fitted to evaluate
the influence that have the predictors described above, on
evapotranspiration; the dependent variable was normalized with the Box-
Cox transformation. The reliability of the model was evaluated with the
adjusted coefficient of determination (R2%adj), residual standard error
(RSE) and the Akaike Information Criterion (AIC).

The seasonal variation of evapotranspiration was analyzed in three
periods: entry of cold fronts (November-February), dry season (March-
May) and rainy period (June-October). To determine whether there were
statistically significant differences among seasons, the Kruskal-Wallis test
was used, followed by a post hoc analysis with the Mann - Whitnhey -
Wilcoxon test to determine which periods differed from each other. The
statistical analyzes were carried out with the R software (R Core Team,
2018) version 3.5.0.

Results
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Weather conditions

Global radiation, net radiation and photosynthetically active radiation
reached their maximum point in May and their minimum in October; in
the case of net radiation, the minimum was in December (Table 1). The
air temperature ranged from 2 to 20.8 ° C (daily average) and during the
months of June to September it remained between 12 and 17 © C (Figure
2). The minimum air temperature occurred in December and the
maximum in May. The soil temperature ranged between 8.5 and 16.8 °
C; ingeneral, it had a similar trend to air temperature. The vapor pressure
deficit remained high during the months of March, April and May, so the
evaporative demand was higher in this period. We registered precipitation
in all months, a total of 953 mm accumulated, which was 20 % lower than
that occurred in previous years. Seventy two percent of the total
precipitation occurred from June to October, the month of October had
the highest contribution (294.9 mm). The water content in the soil varied
with precipitation. The intense precipitation events at the end of January
caused an abrupt increase in the soil water content for the month of
February (Figure 2). The annual precipitation recorded at the study site
for the years 2014-2018 was 1255 mm, 812 mm, 1227 mm, 1286 mm,

and 751 mm, respectively.
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Mean monthly values of evapotranspiration and the weather

variables during the study period.

2017 2018

Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Variable
Oct
Gr
136.1
(W/m?)
Nr
99.0
(W/m?2)
PPFD
250.4
(umol/m?/s)
T mean
12.8
(°C)
T min
3.8
(°C)
T max
21.7
(°C)
Ts
14.8
(°C)
\VVPD
0.19
(kPa)
P
294.9
(mm)

175.9 156.8 144.7 171.5 201.1 210.2 229.9 175.4 215.7 180.5 164.8

115.5 95.7 99.5 121.2 144.8 151.6 164.7 128.5 159.1 126.1 130.5

322.6 288.0 268.3 325.8 383.8 404.5 447.1 349.5 431.9 346.2 343.8

11.8 10.1 7.4 124 13.5 144 15.6 15.0 14.7 14.1 14.5

1.7 -4.7 -04 6.8 4.8 3.9 9.2 10.7 9.8 10.5 10.7

21.3 20.6 21.8 21.2 249 25.0 26.5 204 23.1 18.6 19.8

13.8 12.1 11.0 13.3 14.3 149 159 16.2 16.1 159 16.3

0.36 0.37 0.24 0.34 0.57 046 0.41 0.20 0.21 0.17 0.15

21.1 13.8 83.3 35.6 44.8 39.6 29.3 100.3 76.3 124.1 89.8
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SWC
0.29 0.22 0.16 0.16 0.22 0.16 0.13 0.12 0.16 0.21 o0.21
(m3/m=)
ET
93.3 80.0 68.5 63.5 724 94.0 93.0 81.7 71.15.5 85.3
(mm)

0.22

81.9

Where Gr = global radiation; Nr = net radiation; PPFD = photosynthetically

active radiation; T = air temperature; Ts = soil temperature; VPD = vapor

pressure deficit; P = precipitation; SWC = soil water content, and ET =

evapotranspiration.
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Figure 2. Temporal variation of air temperature (T), soil temperature
(Ts), vapor pressure deficit (VPD), precipitation (P) and soil water
content (SWC).
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Energy balance

The closure energy balance was 0.81 (Figure 3), which indicates that
there is an underestimation of latent or sensible heat fluxes. Despite this,
the quality of the flux measurements was sufficient to analyze the energy
and evapotranspiration budgets. The energy closure value obtained was
similar to those reported by Wilson et al. (2002) on FLUXNET sites
globally.

1500
y = 0.8125x + 38.832 )
R’=0.8045 -t
1000+ :
L
|
+
T 500-
D_
-250 0 250 500 750 1000

Nr-G

Figure 3. Dispersion of the components of the energy balance. Net
radiation (Nr), ground heat (G), sensible heat (H) and latent heat (LE).
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The annual course of net radiation, ground heat flux, sensible heat
and latent heat, during the study period, is shown in Figure 4. The
distribution of available energy (net radiation) as flux of latent heat and
sensible heat varied throughout the year, in which we observed three
trends. In the months of October 2017, and August and September 2018,
when there was more water available, the main form of energy exchange

from the surface to the atmosphere was latent heat.

2 I DN

Nr(W/m?)

G I(w;mz)
=
=

=
=

—=

~=
i

'1.{:}- T T T T T T T T T T T T T
& 200 —
§ 150 - "
3 5o WWWMWMW
Y 50
(@] {}-

I T T T T T T T T T T T

Oct ]
MNov
Dec
Jan 7
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct

Figure 4. Temporal variation of net radiation (Nr), sensible heat (H),
latent heat (LE) and ground heat flux (G).
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In the months of May to July, sensible heat flux dominated the
energy exchange between the ecosystem and the atmosphere. In the rest

of the months, sensible and latent heat fluxes were distributed.

The ground heat flux throughout the period was low. Table 2 shows
the monthly mean values of net radiation and the proportions used for

each flux.

Table 2. Net radiation and its relative contribution to each flux, in a

forest under forest management.

Bowen ratio

Month Nr LE/Nr H/Nr G/Nr
H/LE
October 144.2 0.70 0.42 -0.0015 0.60
November 167.5 0.55 0.53 -0.0017 0.95
December 135.1 0.55 0.55 -0.0019 0.99
January 142.6 0.47 0.52 -0.0030 1.10
February 157.6 0.51 0.53 -0.0003 1.04
March 165.0 0.51 0.50 -0.0008 0.98
April 179.0 0.54 0.49 -0.0001 0.92
May 216.4 0.40 0.67 0.0002 1.65
June 162.9 0.47 0.55 0.0002 1.16
July 204.1 0.48 0.51 -0.0003 1.06
August 167.3 0.54 0.47 -0.0004 0.86
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September 179.7 0.52 0.47 -0.0001 0.90

Where Nr = net radiation, LE = latent heat flux, H = sensible heat flux, and G

= ground heat flux.

Evapotranspiration

During the study period, evapotranspiration was 980 mm and slightly
exceeded annual precipitation (953 mm). Total monthly
evapotranspiration was lowest in January (63.5 mm) and the highest was
reported in July (95.5 mm) (Table 1). Evapotranspiration rates at different
time scales are shown in Table 3. The mean daily evapotranspiration
ranged from 2.0 mm £ 0.6 (January) to 3.1 mm £ 1.1 (April and July).
The maximum evapotranspiration rate was 0.86 mm h-1 and took place
in the month of March. The highest values of maximum daily

evapotranspiration corresponded to the months of March, April and May.

Table 3. Evapotranspiration rates per hour and per day in a forest

under forest management.

Max . .
L. Mean daily Max daily
Evapotranspiration L o
Month Evapotranspiration Evapotranspiration
per hour
(mm day™* + SD) (mm day™?!)
(mm h?)
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October 0.74 3.0 £ 0.9 4.4
November 0.76 2.7 £0.8 3.9
December 0.76 2.2 £ 0.7 3.5
January 0.77 2.0 £ 0.6 3.5
February 0.72 2.6 £ 0.7 3.8
March 0.86 3.0 £ 0.9 5.0
April 0.85 3.1+ 1.1 5.0
May 0.83 2.6 £ 0.7 4.8
June 0.70 2.4 £0.5 3.4
July 0.71 3.1 £ 0.6 4.4
August 0.77 2.8 £ 0.6 3.7
September 0.82 2.7 £ 0.6 3.7

Evapotranspiration and its response to weather conditions

According to Spearman's correlation analysis (p <0.01), net radiation
(0.76) and photosynthetically active radiation (0.73) were the variables
that had the highest relationship with evapotranspiration. The correlation
was lower, although significant, with air temperature (0.42), relative
humidity (-0.27,) and vapor pressure deficit (0.34) (Figure 5). The results

of the multiple linear regression analysis showed that evapotranspiration
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was more influenced by the soil water content, the net radiation, the air
temperature, and the vapor pressure deficit (Table 4). To support this
result, in Table 1 it can be observed that the highest evapotranspiration
values corresponded to the highest average values of net radiation and
vapor pressure deficit (March, April and May). The model explained 61 %
of the variability of evapotranspiration. According to the F test, the model
is significant with a P value <2.2e-16. The correlations between the
independent variables used in the model and the value of the variance
inflation factor are indications that there is no linear relationship between

the independent variables.

Table 4. Summary of the multiple linear regression model.

t Pr(>|t])  VIF

Parameter Coefficient Std. Error
Intercept -0.3552 0.0711 -4.99 9.66e-07
Nr 0.0035 0.0003 11.97 < 2e-16 1.37
T 0.0316 0.0042 5.41 6.66e-13 1.48
VPD 0.2487 0.0460 7.49 1.25e-07 1.47
SWC 2.2001 0.2283 9.64 < 2e-16 1.14

Where Nr- net radiation, T- air temperature, VPD- water pressure deficit, SWC-

soil water content
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Figure 5. Spearman correlation matrix of evapotranspiration and
meteorological variables. ET- Evapotranspiration, Nr- Net Radiation,
PPFD- Photosynthetically Active Radiation, T- Air Temperature, RH-

Relative Humidity, VPD- Vapor Pressure Deficit, Ts- Soil Temperature, P-
Precipitation, SWC- Soil Water Content.
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Seasonal variation of evapotranspiration

La prueba de Kruskal — Wallis (p < 0.001) indicé diferencias significativas
en la evapotranspiracion entre las estaciones. De acuerdo con la prueba
de Mann-Whitney-Wilcoxon (p < 0.05), la evapotranspiracién en el
periodo de “nortes” fue significativamente mas baja en comparacién con
la evapotranspiracion de la época de lluvia y de seca, donde no se
encontraron diferencias significativas. EIl mismo analisis se hizo para las
variables que resultaron tener mayor influencia en la evapotranspiracién.
En la Tabla 5 se muestran las variaciones de evapotranspiracion y las
variables que resultaron tener mayor control sobre la evapotranspiracion

y se resumen los resultados de las pruebas de comparacién.

The Kruskal-Wallis test (p <0.001) indicated significant differences
in evapotranspiration among season. According to the Mann-Whitney-
Wilcoxon test (p <0.05), evapotranspiration in the "Nortes" period (cold
front season) was significantly lower compared to evapotranspiration in
the rainy and dry seasons, where no significant differences were found.
The same analysis was done for the variables that turned out to have the
greatest influence on evapotranspiration. Table 5 shows the variation of
evapotranspiration and the variables that resulted in greater control over

evapotranspiration. The results of the comparison tests are summarized.
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Table 5. Seasonal variation of evapotranspiration and main control

factors.
Season
Variable
“Nortes” Dry Rainy

ET 2.4+0.7 (b) 2.9+0.9 (a) 2.8+0.7 (a)
SWC 0.19+0.04 (b) 0.13+0.02 (¢) 0.21+0.06 (a)

T 10.4+3.69 (b)  14.5+3.15(a)  14.2+1.54 (a)

Nr 108.5+33.0 (c) 153.9%49.2 (a) 127.4%47.6 (b)
VPD 0.33+0.29 (a) 0.48+0.45 (a) 0.19+0.13 (b)

Where ET = evapotranspiration, SWC = soil water content, Ta = air
temperature, Rn = net radiation and DPV = vapor pressure deficit. Same
letters indicate that there were no significant differences (p <0.05) between

the seasons.

Discussion

Energy balance

Tecnologia y ciencias del agua, ISSN 2007-2422, 12(2), 490-537. DOI: 10.24850/j-tyca-2021-02-11



2021, Instituto Mexicano de Tecnologia del Agua

'I‘gby Open Access bajo la licencia CC BY-NC-SA 4.0
Tecnologia y _\;‘-\-— (https://creativecommons.org/licenses/by-nc-sa/4.0/)
CienciaszAgua

Forest management and the availability of soil moisture have an
important control in the partition of energy (Gholz & Clark, 2002; Sun et
al., 2010). In temperate forests, during the growing season, the
availability of soil moisture is usually not limiting; therefore, during this
period, it is common for the latent heat flux to be higher than the sensible
heat (Yan et al., 2017). In this study, only in the months of June, August,
September and October did latent heat showed higher values than
sensible heat. Several authors relate these two energy variables through
the Bowen ratio (H / LE) (Gholz & Clark, 2002; Giambelluca et al., 2009;
Tudoroiu et al., 2018).

It was found that for this site the Bowen ratio was lower in October
(0.60) and a higher value was obtained for May (1.65) (Table 2). In such
month the monthly means of net radiation and maximum air temperature
were higher and the soil water content was lower. It is possible that under
these conditions the trees are stressed and consequently generate
significant changes in the productivity of the ecosystem. However, this
will depend on the response and tolerance mechanisms that the plants
have developed in such situations (Méndez-Espinoza & Vallejo-Reyna,
2019). Generally, stomatal closure is the main response mechanism to
water deficit and high temperatures. If only high temperatures are the
problem, the trees will continue transpiring, since its cooling effect it will
maintain an adequate leaf surface temperature (Harfouche, Meilan, &
Altman, 2014). This is probably the case at the study site, since no
differences were found in the evapotranspiration rates of the rainy season

and the dry season. It was also found that the ground heat flux was low,
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which is a common characteristic in soils under an evergreen forest cover,

and it is reflected in reduced variations in soil temperature.

Evapotranspiration

The results of this study showed that the evapotranspiration of the forest
under forest management was variable during the study period. Annual
evapotranspiration (980 mm) was similar to those reported in a Pinus
taeda L. forest plantation (1076 £ 104 mm / year) in North Carolina, USA
(Sun et al., 2010). In general, these sites showed similar temperature
ranges, had no problem in the availability of soil water and the soil had a
high organic matter content. According to evaluations of the
evapotranspiration rates assumed for temperate forests (710.8 mm
mean), these are lower than in those exhibited by tropical forests (1502.2
mm) (Levia, Carlyle-Moses, & Tanaka, 2011). In the case of arid and
semi-arid regions, the magnitude of evapotranspiration is much lower
than those reported in this study. In this type of ecosystems, one of the
main factors that drives the dynamics of evapotranspiration is
precipitation and there is also a clear influence of vegetation (Bierderman
et al., 2016). In drought conditions the transpiration process is limited by
water stress in plants, due to the high demand for atmospheric
evaporation and the restricted water content in the soil (Meza, Montes,

Bravo-Martinez, Serrano-Ortiz, & Kowalski, 2018).

Tecnologia y ciencias del agua, ISSN 2007-2422, 12(2), 490-537. DOI: 10.24850/j-tyca-2021-02-11



2021, Instituto Mexicano de Tecnologia del Agua

Open Access bajo la licencia CC BY-NC-SA 4.0

.\‘ "Qﬁ'
Tecnologiay %= (https://creativecommons.org/licenses/by-nc-sa/4.0/)

C1enc1astgua

The processes that control evapotranspiration involve the combined
effects of physical and biological factors (Novick et al., 2015) controlled
by environmental conditions (Xu et al., 2014). In general, in sites located
in medium and high latitudes, net radiation and air temperature are the
variables that dominate in the control of evapotranspiration (Chen, Xue,
& Hu, 2018). This is because radiation provides the energy available to
evaporate water (Izadifar & Elshorbagy, 2010). Furthermore, the capacity
of the atmosphere to retain water increases as the air temperature
increases (Pan et al., 2015; Wagle et al., 2016). However, when soil
moisture is limiting, the vapor pressure deficit increases, which affects
the physiological response of plants. Therefore, the vapor pressure deficit
becomes more relevant in the control of evapotranspiration (Zha et al.,
2013). When the soil moisture is not sufficient, the plant would be
expected to close the stomata to avoid excessive water loss (Landsberg
& Sands, 2011). But the responses of plants to climatic conditions depend
on the species, their life history, and management, therefore, there may
be a genetic component in the climatic responses, which causes
differential physiological responses to similar stimuli (Qaderi, Martel, &
Dixon, 2019). The role of vegetation has been evaluated by monitoring
the Leaf Area Index, leaf or canopy conductance, or normalized difference
vegetation indices (NDVI) (Cabral, Da-Rocha, Gash, Freitas, & Ligo, 2015;
Mo et al., 2018; Yang et al., 2017). But less studies evaluate the effects
of environmental factors on the structures responsible for water transport,

especially the xylem (Qaderi et al., 2019).

In a plantation dominated by Pinus tabuliformis, in China, low soil
water content (0.1 m3 / m3) in combination with net radiation (~ 200W

/ m?) and high temperatures (~ 25 °), caused a low evapotranspiration
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(51.7 mm, in the driest month) (Ma et al., 2018). In contrast, here it is
reported that the highest evapotranspiration rates (89.5mm / month, on
average), occurred in the dry season (Table 1). This suggests that during
this period the vegetation did not have restrictions in water supply and
that perhaps the conductance of the canopy is not a factor that limits the
evapotranspiration process. Moisture availability conditions reduce the
sensitivity of canopy conductance to changes in VPD (Liu et al., 2018).
Furthermore, climatic variables explained most (61 %) of the
evapotranspiration variability. The null problem of water limitation, during
the dry season, can be attributed to the ability of trees to access deeper
water sources as pointed out by Thompson et al. (2011). Another
possibility is that the precipitation events, during the “Nortes” period,

provided sufficient humidity to counteract the impacts of the dry season.

The effects of forest management on evapotranspiration were not
evaluated. However, a thinning with an intensity of 50 % carried out in a
Pinus taeda L. plantation showed small interannual variations in net
radiation, and a slight decrease in evapotranspiration. Based on the
results, Liu et al. (2018) suggested that the forests were relatively
insensitive to management activities, as the rapid growth of the
understory and the canopy closure allowed a fast recovery of
evapotranspiration rates. The effects of forest management become more
noticeable during dry periods in systems with limited water, but tend to

decrease as the stand age increases (Sun et al., 2010; Yang et al., 2017).

The findings shown here represent information on the main climatic
factors that controlled water exchange in a managed forest. These results
were based on continuous monitoring over a year. During this period,

precipitation was 20 % lower than that observed of previous years. It may
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suggest that these variations have caused changes in evapotranspiration.
However, Zha et al. (2013) indicated that interannual variations in
evapotranspiration tend to be lower in conifer forests (7-14 %) compared
to broadleaved deciduous forests, where interannual ranges of ~ 30 %
have been reported. In spite of these results, long-term studies are
necessary, which also involve other parameters, to clarify and expand the

understanding of water exchange processes in Mexican temperate forests.

Conclusions

The greatest partition of net radiation to sensible heat flux was observed
in periods where the temperature was higher and the soil water content
was low. Latent heat flux was higher than sensible heat mainly during the

rainy season.

Evapotranspiration was controlled by soil water content, air
temperature, net radiation, and the vapor pressure deficit. Together these
factors explained 61 % of the variability of evapotranspiration.
Measurement and analysis of other parameters such as leaf area index,
canopy conductance, water potential, soil moisture at different depths can

clarify and broaden the understanding of this process.
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The total evapotranspiration was 980 mm. Minimum
evapotranspiration values occurred during the period known as "nortes"
in winter season. Despite seasonal changes in net radiation and soil water
content, no significant differences were found between evapotranspiration

that occurred during the rainy season and the dry season.

The measurements of the exchanged of energy and water vapor
reported in this study represent the first continuous observations made in
a forest under forest management in Mexico. This information allowed us
to characterize the patterns of the distribution of radiation and the

evapotranspiration variability.
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