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Abstract: The study of forest hydrology and its relationships with climate requires accurate estimates
of water inputs, outputs, and changes in reservoirs. Evapotranspiration is frequently the least studied
component when addressing the water cycle; thus, it is important to obtain direct measurements of
evaporation and transpiration. This study measured transpiration in a tropical dry deciduous forest
in Yucatán (Mexico) using the thermal dissipation method (Granier-type sensors) in representative
species of this vegetation type. We estimated stand transpiration and its relationship with allometry,
diameter-at-breast-height categories, and previously published equations. We found that transpira-
tion changes over time, being higher in the rainy season. Estimated daily transpiration ranged from
0.562 to 0.690 kg m–2 d–1 in the late dry season (April–May) and from 0.686 to 1.29 kg m–2 d–1 in
the late rainy season (September–October), accounting for up to 51% of total evapotranspiration in
the rainy season. These daily estimates are consistent with previous reports for tropical dry forests
and other vegetation types. We found that transpiration was not species-specific; diameter at breast
height (DBH) was a reliable way of estimating transpiration because water use was directly related
to allometry. Direct measurement of transpiration would increase our ability to accurately estimate
water availability and assess the responses of vegetation to climate change.

Keywords: sap flux; seasonality; stand transpiration; evapotranspiration; dry deciduous forest

1. Introduction

A central aspect in the study of the hydrology of an area is the description of the
water balance, which requires the identification of inputs, outputs, and changes in water
reservoirs [1–5]. For water outputs, evapotranspiration is frequently the least accurate
parameter because it is estimated indirectly through other variables such as rainfall, solar
radiation, and sensible and latent heat, among others [6–8]. Each of these variables involves
a certain degree of uncertainty associated with the measurement method and scale [9–11].
Evapotranspiration (ET), defined as the volume of water that goes from the liquid to the
gaseous state, is one of the outputs in the water budget, comprising water evaporation (E)
from surfaces and transpiration (T) from plants, controlled by solar radiation. ET represents
a major contribution to water balance, with T representing between 45% and 77% of ET [12].
Occasionally, the water availability of an aquifer is estimated without evaluating ET or
without explicitly specifying which variables were considered in the computation. These
untraceable estimates, in addition to the lack of field data, may lead to inaccurate water
availability figures, especially under modeled climate change scenarios [10]. Therefore, it is
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essential to have direct estimates of water outputs to obtain more precise water balances
and budgets. These contributions may shed light on the role of vegetation in the water and
energy exchange within ecosystems, particularly during periods of extreme conditions such
as severe drought, in addition to its significance in forests facing global climate change.

Nowadays, eddy covariance has become a standard method to measure ET and is
comparable to catchment-scale studies [13–16]. However, evapotranspiration partitioning
also requires the use of other types of measurements (and models) [4,17]. To obtain
reliable estimates of tree transpiration, plant physiology has contributed a methodology
to measure the amount of water that moves across plant stems. Previous studies on plant
transpiration showed that quantifying transpiration is complex because of the influence of
multiple factors related to meteorology and vegetation structure [18–21]. Plant transpiration
depends on water availability (in turn governed by precipitation and soil water content) and
is triggered by solar radiation and air saturation deficit [4,22,23]. One convenient way of
measuring plant transpiration is by using the thermal dissipation method, which quantifies
the water that moves across the xylem using probes that measure thermal oscillations of
the sap, providing estimates of sap flux per unit area [24–27].

Since ET varies widely among forest ecosystems [20,28], it is important to obtain
direct measurements to estimate available water resources at local and regional scales.
In Mexico, few studies have focused on the effect of plant transpiration on water bud-
gets, which is essential to get accurate estimates of present-day and future water balances.
Field studies that have measured sap flux using the thermal dissipation method in tropi-
cal forests in the Yucatan Peninsula estimated transpiration values ranging from 0.52 to
2.1 kg m–2 d–1 [29,30]. Unfortunately, those estimates have not been incorporated into
official groundwater availability data [31] due to the difficulty of measuring transpiration
directly and the limited instruments available for estimating ET. This information is key to
deriving correct assessments of water resources for all economic activities, water fluxes in
natural ecosystems, and the intensification of the hydrological cycle in response to climate
change [10].

This study quantified transpiration in a tropical dry deciduous forest located at El
Palmar reserve, Yucatan, Mexico, using the thermal dissipation method. To this end,
we used sap flux measurements from individual trees to test three upscaling methods
to the stand level, and then produce estimates of the water transpired by the tropical
dry deciduous forest studied in two contrasting seasons. Sap flux measurements were
performed during the late dry and late rainy seasons, for the results to be representative of
the dry and wet seasons. These results will serve as a first approximation for transpiration,
hydrological processes, and water balance in this type of forest.

2. Materials and Methods
2.1. Study Area

The study was conducted in the tropical dry deciduous forest at the El Palmar state
reserve located in the northwest of the Yucatan Peninsula (Figure 1). The local climate is
warm semi-arid (BS1h´) according to Köppen’s climate classification, with a mean monthly
temperature between 23.0 and 28.8 ◦C, and a mean annual precipitation of 561.1 mm,
peaking in September, (100–240 mm) [31]. This ecosystem is characterized by a strong
seasonality, where its phenology, productivity, and evapotranspiration are regulated by
intra-annual variability of precipitation [32,33]. The dry and rainy seasons were defined
according to historical (1950–2016) mean monthly precipitation data from six meteorological
stations; based on this information, the dry season (precipitation <150 mm) spans from
November to May, and the rainy season (precipitation >150 mm) from June to October. Our
data were recorded at the end of the dry season (March–April 2019) and the end of the
rainy season (September–October 2019; refer to Supplementary Figure S1).
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Figure 1. Map showing the location of the study area. EC – Eddy covariance flux tower.

The geomorphology of the region consists of karstic limestone; the soil belongs to the
Leptosol type, a shallow soil (20–30 cm) with rocky outcrops and good drainage [34]. The
type of vegetation that covers the study area is tropical dry deciduous forest [35]. Most
trees are leafless during the warmest months of the dry season, i.e., from March to May. All
tree species in the study area are of short stature, between 8 and 12 m high [36].

2.2. Environmental Conditions

Data on mean daily temperature (◦C), humidity (%), maximum solar radiation (W m–2),
and vapor pressure deficit (kPa) for the months when sap flux measurements were obtained
(March–April and September–October 2019), which were recorded at a meteorological
station located 15 km north of the study area, were downloaded from the UNAM Network
of Atmospheric Observatories (RUOA) webpage for the UNAM Meteorological Station at
Sisal Yucatan (21.1645 N, 90.0484 W, altitude 8 m a.s.l.; https://www.ruoa.unam.mx/index.
php?page=estaciones&id=13, accessed on 1 November 2019).

The vapor pressure deficit (VPD) was calculated following Jones [22], using daily
temperature and humidity data, with the following equations:

VPD = es(T) − e (1)

where e and es(T) were calculated as:

e = RH × eS(T) (2)

eS(T) = f
[

a
bT

c+T

]
(3)

The coefficients a, b and c are the following:
a = 611.21; b = 18.678−

(
T

234.5

)
; and c = 257.14 and f ≈ 1.000700035 Pa

Volumetric soil water content (SWC) was measured with a CS655 water content
reflectometer (Campbell Scientific) in parallel with sap flux measurements. Mean values
per season were obtained from measurements recorded on several days in each recording
period (26 March to 12 April; 26 September to 17 October). SWC is expressed in percentage
([cm3 of water/cm3 of soil] × 100). We performed an analysis of variance to assess the
significance of differences in temperature, radiation, relative humidity, and vapor pressure
deficit (post-hoc Tukey-Kramer HSD, α = 0.01), and a t-test for comparing SWC between
seasons, using the software JMP 5.1 (SAS Institute 2004).

https://www.ruoa.unam.mx/index.php?page=estaciones&id=13
https://www.ruoa.unam.mx/index.php?page=estaciones&id=13
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2.3. Sap Flux

For sap flux measurements, tree individuals with a diameter >5 cm at 1.5 m from
the ground (diameter at breast height, DBH) were selected from three plots of approxi-
mately 100 m2 within a cluster of 2200 m2 near the eastern side (~250 m), and within the
zone of influence (hereafter footprint) of eddy covariance (EC) flux tower in the study
area [32] (21◦1′45.50′ ′ N, 90◦3′49.30′ ′ W, Figure 1). Tree species were selected according
to their importance value index (IVI), a tool used in ecology and forestry to determine
the dominant species in a given area that is the sum of relative abundance (0–100%), rel-
ative dominance (0–100%), and relative frequency (0–100%) (Table 1), using a vegetation
inventory previously produced for the study area [37].

Table 1. Tree species selected to estimate transpiration and the importance value index (IVI) in the
El Palmar tropical dry deciduous forest, Yucatan, Mexico. The species listed represent almost 193%;
other species not listed here would account for the remaining 107%.

Species Family ndry nrainy IVI (%)

Caesalpinia sp.
Bursera simaruba (L.) Sarg.

Lysiloma latisiliquum (L.) Benth.

Fabaceae 1 – –
Burseraceae 3 3 49.62

Fabaceae 2 3 35.41
Gymnopodium floribundum Rolfe

Caesalpinia gaumeri Greenm.
Polygonaceae 3 3 25.4

Fabaceae 2 2 22.98
Havardia albicans (Kunth) Britton & Rose

Neea choriophylla Standl.
Piscidia piscipula (L.) Sarg.

Cordia gerascanthus L.

Fabaceae 2 2 15.33
Nyctiginaceae 2 1 11.96

Fabaceae 1 1 10.12
Cordiaceae 1 1 9.38

Plumeria obtusa L.
Erythroxylum rotundifolium Lunan

Apocynaceae 2 2 7.49
Erythroxylaceae 1 1 5.17

TOTAL 20 19 192.86

Sap flux density (m3 m–2 h–1) was monitored during the late dry season (March–April
2019; 19 trees from 10 species) and the late rainy season (September–October 2019; 20 trees
from 10 species) using custom-made Granier-type sensors [24,25]. Pairs of 30 mm-long,
2 mm-diameter temperature probes were affixed to the sapwood of tree stems (northern
face); two sets of probes were inserted into the largest trunks (>15 cm DBH, facing north
and south) and measurements were recorded over several days with consistent sap flux
and constant irradiation were averaged to account for circumferential variation in sap flux.
The upper probe was heated continuously with a constant power supply (0.2 W) while the
bottom unheated probe (10 cm below) recorded the sapwood temperature. The protruding
portions of both probes were insulated with a layer of foam surrounded by an outer shield of
reflective material and transparent plastic. Probe temperatures were recorded continuously
at 10-second intervals with dataloggers (CR10X, CR1000, and CR3000, Campbell Scientific,
Logan, UT, USA), and 10-minute averages were downloaded. Sap flux was measured in
two cycles of 5–7 continuous days, to cover a total of fifteen days in each season.

Sap flux density (Fd) was calculated from the difference in temperature between
the probes using an empirical relationship developed by Granier [24] and rearranged by
Lu et al. [27] as:

Fd = 118.99× 10−6[(∆Tmax − ∆T)/∆T]1.231 (4)

where ∆Tmax is the maximum difference in temperature between the heated and non-
heated probes at zero flux, and ∆T is the difference in temperature between the heated
and non-heated probe at the time of measurement. To avoid underestimating ∆Tmax
due to nighttime water movement, ∆Tmax was determined as the maximum difference in
temperature recorded over the entire measurement period per tree [27].

Mass sap flux was calculated by multiplying sap flux density by sapwood cross-
sectional area. This was performed after completing the rainy season measurements in all
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individual trees with transpiration records. Sapwood cross-sectional area was determined
by dye injections (0.1% indigo carmine) in cores from the main stem at DBH approximately,
close to the probes. The dye was injected in 1/32” drilled holes; then, two cores were
removed with a Pressler drill three cm above the dye injection site after 60 minutes, to allow
the movement of stained sap. The cross-sectional area of the active xylem was calculated as
follows:

Asw = π
[
(rT − dB)

2 − (rT − dB − dsw)
2
]

(5)

where Asw is sapwood area (cm2), rT is tree radius, dB is bark depth, and dsw is sapwood
depth.

2.4. Estimation of Stand Transpiration

Sap flux data for the two contrasting seasons were used to estimate transpiration
at the stand level in this tropical dry deciduous forest. For each season, clear days were
selected by examining solar radiation data (see Table S2 and Figure S2). Mean sap flux
(kg d–1) for clear days was calculated for the most important tree species (see Table 1). Once
these values were obtained, transpiration data were scaled-up to the stand level. This is
commonly achieved by determining the relationships between sap flux rates and diameter,
basal area, or sapwood area [38]. We used three methods to extrapolate transpiration
rates to stand transpiration per unit area: (1) allometric relationships; (2) DBH categories
previously derived from plant physiology studies focused on transpiration [39–41]; and
(3) using the method proposed by Bucci et al. [42]. The latter method considers the forest
as a population of trees that regenerates naturally, with each forest displaying its own tree
composition and structure that differentiates it from other tree populations [43].

In the first method, allometric relationships were explored by a linear correlation
between DBH and transpiration (kg d–1), with all the species measured in each season.
To note, trees were not pooled according to botanical families as previously reported by
Reyes et al. [29], to prevent any biases or data misinterpretation arising from pooling;
instead, we aimed to represent the ecosystem properties of the forest. DBH is the simplest
measurement needed, which is obtained by measuring the tree circumference and applying
the geometric equation for radium. It is an accessible and reliable approach for estimating
transpiration in tropical dry forests for ecohydrological studies because water use is directly
related to allometric scaling [39].

In the second method, four DBH categories were produced for all tree individuals
within the cluster: 5–8.5 cm, 8.6–18.8 cm, 18.9–29 cm, and >29 cm (the greatest DBH
was 36 cm). Transpiration was estimated from the mean transpiration for each category
multiplied by the number of individuals within that category in the cluster (N) and then
divided by the surface area of the cluster (2200 m2). Only the 5–8.5 cm category was not
directly measured as stems were too thin (probes could not be affixed to slender trees); for
this category, transpiration was estimated from the allometric relationships applied to all
individuals in the plot.

The third method assumes that each individual contributes with a specific sap flux
associated with its basal area, calculated using Bucci’s equation [42]:

E =
(

F/BA′i
)
× (ΣABCN/ACN) (6)

where F is the mean sap flux for all species, BAi’ is the mean basal area for individuals with
sap flux measured, ΣABCN is the total basal area for the cluster, and ACN is the cluster area.

3. Results
3.1. Environmental Conditions

In the late rainy season, both temperature and relative humidity were higher than in
the late dry season. Radiation was not different between seasons and the vapor pressure
deficit was higher in the late dry season (Table 2; for the full dataset, refer to Table S2 and
Figure S2).
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Table 2. Analysis of variance of temperature, radiation, relative humidity, and vapor pressure deficit
in a tropical dry deciduous forest in El Palmar State Reserve, Yucatan, Mexico. March and April
represent the late dry season; September and October, the late rainy season. Different letters (a, b, c)
mark significant differences in the months of sap-flux data acquisition (post-hoc Tukey-Kramer HSD,
α = 0.01).

Month Temperature
(◦C)

Relative
Humidity

(RH)
(%)

Maximum Solar
Radiation
(W m–2)

Vapor Pressure
Deficit
(kPa)

March 24.7 ± 2.6 (a) 75.5 ± 12.3 (a) 1045.3 0.68 ± 0.41 (a)
April 26.2 ± 2.9 (b) 74.2 ± 13.5 (a) 1082.0 0.76 ± 0.47 (b)

September 27.4 ± 1.8 (c) 84.4 ± 7.2 (b) 1041.1 0.47 ± 0.24 (c)
October 27.5 ± 2.0 (c) 84.1 ± 8.7 (b) 993.5 0.49 ± 0.30 (c)

ANOVA F = 202.2
p < 0.0001

F = 167.6
p < 0.0001

F = 2.4799
p = 0.0594

F = 97.006
p < 0.0001

3.2. Soil Water Content

Soil water content (SWC) was measured hourly during sap flux measurements in both
seasons. In the late dry season, SWC was 4.44% (±0.34%, n = 404), a value almost half
the SWC measured in the late rainy season, 9.69% (±2.65%, n = 502). The t-test between
seasons yielded significant differences (t = 2.581, p < 0.0001).

3.3. Allometric Relationships

We propose one empirical equation (linear regression) for each season to estimate the
transpiration of the cluster as a characteristic of the tropical dry deciduous forest for the
dry (Equation (7)) and rainy (Equation (8)) seasons (Figure 2),

T
(

kg d−1
)
= 0.9004×DBH (cm)− 3.478 (r = 0.797) (7)

T
(

kg d−1
)
= 0.4407×DBH (cm)− 5.891 (r = 0.573) (8)
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These allometric relationships yielded an estimated daily mean transpiration of
0.654 kg m–2 d–1 for the late dry season and 1.14 kg m–2 d–1 for the late rainy season.
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3.4. DBH Categories

The results of transpiration using the DBH categories produced estimated daily tran-
spiration of 0.691 kg m–2 d–1 for the late dry season and 1.294 kg m–2 d–1 for the late rainy
season (Table 3).

Table 3. Estimated transpiration in the tropical dry deciduous forest using DBH categories (TDBH),
cluster transpiration (TCluster), and estimated aerial transpiration (kg m–2 d–1). N is the number of
trees in the cluster. Cluster area: 2200 m2. The late dry season corresponds to March–April; the late
rainy season, to September–October 2019.

Season DBH (cm) TDBH (kg d-1) N (Cluster) TCluster (kg d–1) T (kg m–2 d–1)

Late dry
season

5 – 8.5 2.55 ± 1.09 86 219.30 ± 93.74 0.100 ± 0.043
8.6 – 18.8 8.44 ± 4.94 102 860.88 ± 503.88 0.391 ± 0.229
18.9 – 29 14.5 ± 5.51 25 362.50 ± 137.75 0.165 ± 0.063

>29 38.5 ± 2.2 2 77 ± 4.4 0.035 ± 0.020
215 1519.68 ± 739.77 0.691 ± 0.336

Late rainy
season

5 – 8.5 9.72 ± 0.53 86 835.92 ± 45.58 0.380 ± 0.021
8.6 – 18.8 14.5 ± 5.51 102 1479 ± 562.02 0.672 ± 0.255
18.9 – 29 19.26 ± 6.83 25 481.50 ± 170.75 0.219 ± 0.078

>29 24.7 ± 4.3 2 49.40 ± 8.6 0.022 ± 0.004
215 2845.82 ± 784.95 1.294 ± 0.350

3.5. Stand Level

After substituting the transpiration and basal area values of each individual in the
cluster in equation 6, stand transpiration was estimated as 0.562 (± 0.246) kg m–2 d–1 for
the late dry season and 0.686 (± 0.262) kg m–2 d–1 for the late rainy season.

3.6. Comparison of Upscaling Methods

In summary, transpiration measured by the thermal dissipation method using Granier-
type sensors and scaled up to the cluster studied yielded a transpiration value in the
tropical dry deciduous forest at a stand level ranging from 0.562 to 0.691 kg m–2 d–1 in the
late dry season (March–April), and from 0.686 to 1.294 kg m–2 d–1 in the late rainy season
(September–October, Figure 3).
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4. Discussion

The estimates reported in this work were obtained from a reasonable number of
individuals (n = 39), which is larger than the number used in other studies [40,44–46]. Such
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results correspond to the end of the dry season and the end of the rainy season, when
moisture and water availability are assumed to be close to the minimum and maximum,
respectively, expected in a tropical dry deciduous forest in this area of the Yucatan Peninsula.
The use of the diameter at breast height (DBH) and allometric equations to estimate
transpiration has been explored and validated by several authors [23,47–50], improving
our ability to calculate more accurate hydrological balances at the landscape or ecosystem
levels from relatively simple field measurements. The use of a methodology from plant
physiology studies to estimate transpiration in a region where the tropical dry deciduous
forest covers 73% of the land surface [34] proved effective to determine transpiration as
part of the hydrological cycle in basins covered by forests [23].

Studies on four common species living in tropical dry forests (Gymnopodium flori-
bundum, Piscidia piscipula, Lysiloma latisiliquum, and Bursera simaruba [29]) reported sap
flux values from 0.52 to 2.1 kg m–2 d–1, whereas León Palomo [30] reported estimated
transpiration of 0.9 kg m–2 d–1 in a semi-deciduous tropical dry forest. Those estimates are
consistent with our results. The main difference between these and the present study is the
amount of precipitation recorded. According to Trejo [36], there is reduced transpiration in
tropical dry forests in periods of low temperature and scarce precipitation, which was not
the case in our study (maximum temperature was above the annual mean of 35 ◦C). In fact,
transpiration is limited by precipitation in this dry ecosystem [51]. Sap flux is dominant
during the sunny hours with a high vapor pressure deficit; however, sap flux also occurs at
night, particularly under dry-air advection conditions [52]. In addition to precipitation, the
variability in transpiration is driven by soil water availability [53], with less water available
in the late dry season, as expected from lower soil water content. The amount of water
available for individual trees will determine transpiration, which correlates better with tree
size (DBH or basal area) than with tree species [25,45,49,54].

Concerning the variations in meteorological data and transpiration, we observed that
even when VPD is higher in the late dry season, transpiration increases to the same extent,
although it remained unchanged in some cases (refer to Table S1); nonetheless, stand-
level estimates were indeed higher in the late rainy season. Together with higher VPD
values, soil water availability (SWC) was lower than in the dry season, resulting in reduced
transpiration. It is known that trees in tropical dry forests have water use strategies [55]; so,
when water availability decreases, stomata are closed, and transpiration is reduced. In the
late rainy season, SWC and transpiration increased as VPD decreased.

In 2019, the national meteorological services [56] indicated an abnormal-to-moderate
drought in the Yucatan Peninsula, which meant less water available to be transpired by
plants. Nonetheless, water was always available in soil in this area during our measure-
ments in this work, which should have accounted for the water transpired, unless trees are
tapping water from aquifers. Alterations in water availability as a result of climate change
will modify ET, which will in turn impact water balance at regional and local levels [10].

In forests dominated by maple trees [45], adult trees take up two to five times more
water than young trees, suggesting that tree age [57] and species composition influence
the hydrological balance. This is particularly relevant in this study because species from
seasonally dry forests have higher daily transpiration rates compared to other types of
forests [58]. We observed that transpiration was dominated by trees measuring 8.6 to
18.8 cm in DBH, representing the category with the largest number of individuals. However,
the highest transpiration rate (38.5 and 24.7 kg d–1) was observed in trees with a diameter
greater than 29 cm. The calculated water use of Eucalyptus regnans at the plot-level scale
with an allometric equation estimated a peak transpiration value of 3.1 kg m-2 d–1 [48]. The
high volume reported may be due to the Eucalyptus trees studied being taller and with a
greater DBH (thus, greater conductive area) than the individuals in the present study. Our
results suggest that transpiration in the tropical dry deciduous forest of Yucatan responds
to tree size. We did not address the influence of canopy size (or leaf-area index), an aspect
that deserves further investigation.
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Our estimated transpiration value is slightly lower than that recorded for the savanna
vegetation in Brazil (0.8 kg m–2 d–1), calculated in the dry season for species of the families
Nyctaginaceae, Leguminosae, Malpighiaceae, Bombacaceae, and Araliaceae [42]. Our
results confirm that, despite the differences in species composition, tree transpiration is
more closely related to the cross-sectional area of the stem than to the species; that is, forest
transpiration was not species-specific [40].

Transpiration and Evapotranspiration

As already mentioned, evapotranspiration (ET) is the least-studied component of the
water balance. Thus, any information produced regarding the water mobilized by plants to
the atmosphere is relevant for improving the estimates of water availability under current
and future climate scenarios. The daily mean ET for the El Palmar tropical dry forest
was estimated at 3.32 (± 0.62) kg m–2 day–1 using MOD16 products [33,59]. The Eddy
Covariance (EC) method offers the opportunity to generate continuous data on the vertical
exchange of gases (including water vapor, i.e., ET) and energy between the ecosystem
and the atmosphere, with footprints ranging from several square meters to several square
kilometers and is the most direct and continuous method to estimate vertical fluxes in
situ [14,60].

In the present study, sap flux measurements were performed in a surrounding area
within the footprint of the El Palmar Eddy Covariance flux tower [32]. Unfortunately, dur-
ing these measurements this EC flux tower had several issues in data acquisition, resulting
in an ET time series with gaps. Using an ET time series spanning more than two years
(December 2016–March 2019 and May 2019–August 2019), we resorted to MODIS products
to estimate ET in the periods corresponding to the gaps in this study. MOD16 ET [61,62]
yielded a good fit with data observed at various Eddy Covariance sites around the world,
including the El Palmar tropical dry deciduous forest (R2 = 0.52, RMSE = 1.13 mm d–1,
PBIAS = 3%) [15]. Using MOD16–ET [59] and the observed Eddy Covariance ET (EC–
ET) [14], we produced the empirical equation 9:

EC–ET = 1.06×MOD16–ET− 0.20 (9)

Thus, ET for the El Palmar tropical dry deciduous forest was estimated at 1.35 (± 0.24)
and 3.36 (± 0.35) kg m–2 day–1 for the late dry and late rainy seasons, respectively. Assum-
ing these ET values, the present investigation found that transpiration represents between
20 and 51% of evapotranspiration (Table 4). We acknowledge that different methods have
different uncertainty; however, performing direct measurements is key for the correct
partition of ET (which can be derived from eddy covariance or remote sensing). Research
is ongoing on the use of partitioning models to separate T from E acquired with eddy
covariance; previous results yielded a 57% contribution from transpiration [16]. We assume
that our estimates are the most accurate transpiration estimates to date for the tropical dry
forest in this area of the Yucatan Peninsula. Our results differ from studies in tropical forests
where transpiration makes a greater contribution to ET [21]. One likely reason is that in
the Yucatan Peninsula, more rainwater evaporates, and less water reaches the soil; thus,
transpiration is lower (i.e., reduced contribution to ET). Additionally, studies in tropical
and subtropical forests [63,64] found that the understory accounted for 25–39% of water
vapor fluxes. The tropical dry deciduous forest in Yucatan shows poorly defined strata,
with the understory largely composed of young trees regenerating the forest. Nonetheless,
these individuals, together with the herbaceous strata, might account for an additional
contribution to transpiration in these ecosystems, yet to be quantified.
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Table 4. Estimated ET (kg m–2 d–1) using the MOD16–ET T/ET ratio in the El Palmar tropical dry
deciduous forest using allometric relationships, DBH categories (TDBH), and stand-level transpiration.
The late dry season corresponds to March–April; the late rainy season, to September–October 2019.
The cumulative seasonal precipitation (mm) for the dry season (November–May) and the rainy season
(June–October) are also shown.

Season

MODIS–
Estimated Daily

Average ET
(kg m–2 d–1)

Daily Average
T/ET

Allometric
Relationships

Daily Average
T/ETDBH
Categories

Daily Average
T/ET

Stand Level

Seasonal
Precipitation

(mm)

Late dry season 1.35 ± 0.24 0.48 0.51 0.42 111

Late rainy season 3.36 ± 0.35 0.34 0.38 0.20 248

This ecosystem shows a marked seasonality, with two well-known periods of con-
trasting water availability (refer to Table 4 and Figure S1); in this study, observations were
conducted in the late dry season (March–April) and the late rainy season (September–
October). Using the Sisal Meteorological Station of the UNAM Network of Atmospheric
Observatories (RUOA) at Sisal (Yucatan, Mexico), we observed that during the dry season,
a total of 111 mm of precipitation was recorded over seven months, representing 30% of
the total precipitation in 2019. On the other hand, 248 mm (70% of the total precipitation)
were recorded over five months in the rainy season. As expected, T and ET show lower
values in the late dry season than in the late rainy season due to reduced water availability.
However, the T/ET ratios were higher in the driest conditions. This could be the result of
increased water use efficiency in this ecosystem under low humidity conditions [32].

5. Conclusions

The easiest way to calculate transpiration in low deciduous forests is by measuring
the diameter (DBH) of individual trees in the field, determining the area occupied by
trees, and using the allometric equation presented herein. The El Palmar tropical dry
deciduous forest, Yucatán, transpired around 0.56 kg of water m–2 d–1 in the late dry season
(March–April) and nearly 1.29 kg of water m–2 d–1 in the late rainy season (September–
October), accounting for up to 51% of ET. This work contributes to the understanding of
the ecohydrological dynamics of tropical dry forests and provides direct measurements of
tree transpiration, which should be considered and included in the hydrological balances
determined or updated in the future. The interpretation of our results should not be
restrained to the Yucatan Peninsula; they may be useful in other karstic areas of the world
with shallow soils and rocky outcrops that limit root growth and enhance water infiltration.
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