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Abstract. Tropical dry forests play an important role in the global carbon cycle, but their responses to climate variability are
still not well understood. Using a three-year period (April 2022 to March 2025) of eddy covariance measurements, we studied
seasonal and annual controls on carbon balances in a Tumbesian dry forest in Southern Ecuador. During the study period, the
forest functioned as a net carbon sink, with a net ecosystem exchange (NEE) of -285 gCm~2year~!. The strongest carbon
uptake occurred during the wet period (Feb - May) with 173.86 + 66 gCm~2month~!, while it was reduced to 39.80 + 8.12
gCm~2month~! in the dry season (August - November).

Light use efficiency (LUE) and water use efficiency (WUE) were used to characterize the functional controls on carbon fluxes at
both seasonal and annual scales. WUE showed relatively stable water—carbon exchange, whereas LUE displayed clear seasonal
variation, reflecting the strong influence of seasonal vegetation growth and greenness. Principle component analysis (PCA) was
conducted to further analyze controlling mechanisms in carbon fluxes. Seasonal results showed that gross primary productivity
(GPP) was mainly controlled by energy-related factors, while ecosystem respiration (Reco) was primarily driven by a mois-
ture—temperature gradient. Annually, GPP was predominantly influenced by variations in vapor pressure deficit (VPD), soil
temperature (Ts), and incoming radiation (Rg), reflecting a strong coupling between surface energy balance and atmospheric
moisture demand. These drivers were further modulated by ENSO related climate variability, as reflected by shifts in their PCA
loadings across years. Overall, the results reveal a decoupling between photosynthesis and respiration and show that tropical
dry forests are highly vulnerable to increasing climate extremes, highlighting the need for improved representation of these

processes in Earth system models.
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1 Introduction

Tropical dry forests are among the most threatened biomes due to global change Siyum (2020). They cover approximately 42%
of tropical forest areas and play a key role in carbon storage, regulating regional climate and conserving biodiversity Miles
et al. (2006); Portillo-Quintero and Sanchez-Azofeifa (2010). Due to the moderate annual carbon assimilation, but low mean
respiration of this semi-arid ecosystems, dry forests are highly efficient carbon sequesters Poulter et al. (2014). However, dry
forests remain one of the most understudied tropical ecosystems, particularly in the context of climate change and their role
in the global carbon cycle Brienen et al. (2015); Ahlstrom et al. (2015). In recent years they are increasingly recognized as
important carbon sinks due to their capacity to sequester atmospheric COs, especially through slow-growing hardwood species
adapted to drought conditions Bennett et al. (2023).

In general, tropical dry forests are shaped by precipitation, temperature and soil moisture (SM) availability Rojas-Robles et al.
(2020); Gonzélez-Jaramillo et al. (2016); Rodda et al. (2021); Stan and Sanchez-Azofeifa (2019). The precipitation regimes are
related to seasonal circulation systems, which induce distinct wet and dry periods. In the tropical montane dry forest located
in the Andes Mountains of South Ecuador, these eco-hydrological dynamics are particularly driven by the interplay between
topography and mesoscale circulation patterns Garreaud et al. (2009) controlling the atmospheric moisture transport pathways
Trachte (2018). Moreover, macroscale El Nino Southern Oscillation (ENSO) dynamics significantly influence precipitation
patterns with feedback to the seasonal cycle Rollenbeck et al. (2022); Spannl et al. (2016). The seasonal availability of water
strongly further affects the net carbon balance and plays a crucial role in the phenological cycle Mendes et al. (2025); Rol-
lenbeck et al. (2022). During the rainy season, rapid leaf development enhances photosynthetic capacity and gross primary
production (GPP). In contrast, the dry season is marked by water stress in terms of low soil moisture (SM) and high vapor
pressure deficit (VPD), leaf senescence, and reduced microbial and root activity, leading to a sharp decline in carbon uptake.
The seasonal dynamic is clearly reflected in the carbon patterns observed in tropical dry forests worldwide. In Mexican old-
growth forests, the mean GPP during the wet season reached 1601.4 gCm~2year~! but declined to only 373.3 gCm ™ 2year—!
in the dry season Rojas-Robles et al. (2020). These patterns are primarily driven by changes in canopy leaf density and SM
Rodda et al. (2021). Similarly, in the Caatinga biome in Brazil, high carbon-use efficiency was observed even during years with
shortened rainy seasons, with phenological responses closely tied to water availability Castro et al. (2018). In the dry forests of
India and Argentina, temperature and SM emerge as dominant controls of CO, fluxes depending on seasonal and site-specific
conditions Garcia et al. (2017).

Additionally, further studies have also shown that different environmental factors are prioritized to shape the carbon balances.
Humphrey et al. (2021) demonstrated that the terrestrial carbon uptake was mainly driven by SM, while Wu et al. (2021)
pointed to global radiation for tropical evergreen forests and Novick et al. (2024) to VPD as an important climatic factor for the
carbon cycle in natural and managed ecosystems. This underpins the importance of regional characteristics in carbon exchange
between vegetation and the atmosphere. Although recent studies have advanced our understanding of carbon dynamics in low-
land tropical dry forests, highlighting the sensitivity of carbon exchange to climatic variability (e.g., Mendes et al. (2020)),

information from montane sites remains scarce. Furthermore carbon accumulation dynamics during post dry season refoliation
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and the effects of climatic events in tropical dry forests remain poorly understood Calvo-Rodriguez et al. (2021) due to limita-
tion of in-situ measurements, which makes it difficult to draw robust conclusions about their long-term carbon storage potential
Abhlstrom et al. (2015); Biederman et al. (2016). As shown by Ahlstrom et al. (2015), the variability of carbon uptake is related
to distinct biogeographic regions. The authors highlighted that semi-arid ecosystems play an important role in driving trends
and interannual variations in the global carbon cycle, primarily due to seasonal water availability, which was further supported
by Biederman et al. (2016).

In light of these findings, concerns are growing about the potential impacts of climate change on tropical dry forests, where pro-
jected shifts in rainfall patterns are expected to reduce overall precipitation and intensify dry periods Castro et al. (2018). At the
same time, montane regions are particularly vulnerable to accelerating warming trends Vuille et al. (2015). Thus, knowledge
about carbon exchange over tropical montane forests and the influence of climatic factors is highly needed. This will advance
our understanding of regional and global carbon dynamics essential, which is essential to improve future climate predictions,
as well as to strengthen carbon mitigation strategies (Rodda et al., 2021; Wang et al., 2022).

In order to obtain detailed information on water and carbon exchanges, the eddy covariance (EC) measurement technique pro-
vides valuable observations at the ecosystem level Baldocchi (2003). This technique captures water and carbon fluxes, allowing
the calculation of net ecosystem exchange (NEE), which represents net carbon uptake or release Loescher et al. (2003). Flux
partitioning methods also allow for the estimation of GPP and ecosystem respiration (Reco) Papale et al. (2006); Reichstein
et al. (2005). However, EC measurements in complex terrain present operational challenges due to horizontal and vertical vari-
ations in wind velocity and scalar fluxes, leading to advective fluxes that disrupt the energy balance closure (EBC) Turnipseed
et al. (2004). These effects are particularly evident on calm, clear nights, when cold air drainage lowers nighttime temperatures
and reduces ecosystem respiration Novick et al. (2013); Hammerle et al. (2007). Despite these challenges, previous studies in
complex topography showed the applicability of EC measurements Xing et al. (2023); Hiller et al. (2008); Malhi et al. (1998);
Del Castillo et al. (2018).

The objective of this study is to investigate the carbon balance of the Tumbesian dry forest in southern Ecuador to improve
our understanding of carbon flux dynamics under varying climatic conditions. To achieve this, we used continuous EC mea-
surements above the forest canopy over a three-year period to quantify the exchange of carbon and water fluxes. Specifically,
the aims are (i) to analyze the seasonal and interannual variability of the carbon sink function and (ii) to assess the sensitivity
of carbon fluxes to key environmental drivers. Due to few studies in tropical montane dry forests, the results will advance
our understanding of carbon exchange processes and dynamics in semi-arid ecosystems, which will reduce uncertainties in

simulations of local and global carbon cycling in land surface and atmospheric models.

2 Materials and Methods
2.1 Study Site

The study was carried out in the Reserva Natural Laipuna, located in southern Ecuador within the Tumbesian dry forest region

on the western escarpment of the Andes Mountains Fig.1. This region is characterized by montane topography with altitudes
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Figure 1. Study area and geographic location of the eddy-covariance flux tower a) map of Ecuador, b) location of the study site, (c, d) wind

rose and study site during wet season and (e, f) wind rose and study site during dry season.

ranging from 600 to 1,450 m a.s.l. The underlying geology is dominated by acidic Cretaceous intrusive granitic bedrock, which
has given rise to predominantly shallow, young, and weakly developed soils classified as Torriorthents. These soils are typically
coarse textured, acidic, and well drained, resulting in general low soil fertility Spannl et al. (2016). Annual precipitation totals
vary between 350 and 800 mm with high interannual variability (standard deviation &+ 218 mm) due to the frequently occurring
El Nifio phenomenon Bendix et al. (2017). The region experiences a distinct dry season typically from June to December and
a rainy season from January to May. During the wet season the moisture-laden air masses from the Pacific Ocean bring rain in
form of convective clouds and thunderstorms Fries et al. (2014); Best and Kessler (1995). The seasonal climate variability in the
region is driven by the meridional migration of the Intertropical Convergence Zone (ITCZ). When the ITCZ shifts southward,
subsidence and relatively higher surface pressure dominate, suppressing cloud formation and rainfall Spannl et al. (2016);
Pucha-Cofrep et al. (2015). In contrast, the passage of the ITCZ over the region is associated with lower surface pressure,

atmospheric instability, and enhanced convection, resulting in increased precipitation.
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Precipitation affects all aspects of the forest in the Laipuna Reserve, which is of smaller stature and lower aboveground
biomass compared to tropical rain forests at similar elevations Gonzalez-Valdiviezo et al. (2025); Werner and Homeier (2024).
Deciduous woody components (tree, shrubs and lianas) are the most dominant plants at lower elevations of the study area,
the number and abundance of semi-deciduous and evergreen species is increasing at higher elevation. Canopy height averages

11-16 m regardless of elevation, with the tallest individual trees reaching up to 20 m Werner and Homeier (2024).
2.2 Instrumentation

The EC flux tower was installed in April 2022 at the location -4.2116°S and -79.8891°E at an altitude of 702 m a.s.1. The system
is installed at a height of 20 m with an average canopy height of 15 m. It consists of a 3D sonic anemometer and an open path
infrared gas analyzer IRGASON, Campbell Scientific) measuring with a frequency of 10 Hz. Net-radiation components are
obtained using a net-radiometer (NRO1, Hukseflux) and photosynthetic active radiation (PAR) is measured by the quantum
sensor (SKP215, Skye Instruments). Additionally, air temperature (Ta) and relative humidity (RH) (VAISALA, HMP115) and
precipitation (RM Young, Tipping Bucket rain gauge) are measured. At a depth of 10-20 cm SM and soil temperature (Ts)
are observed by the TDR soil water sensor (CS655, Campbell Scientific). Ground heat flux (G) is obtained using the self-
calibrating soil heat flux plate (HFPO1-SC, Hukseflux). All variables are averaged to half-hourly intervals and stored in the
data logger (CR6, Campbell Scientific). In order to quantify the contribution of soil CO, effluxes to total respiration (Reco),
the Li-COR Inc. smart chamber (LI-870 CO,/H,O gas analyzer and 8§200-01S Smart chamber) was used in field campaigns.
Three collars were installed within the footprint of the EC tower to obtain replicate measurements. They were performed on a

15 minute interval.
2.3 Pre-processing and Quality Control

A two-phase quality control routine was carried out to ensure a good estimate of vertical fluxes that eliminates spurious data.
The first phase was performed using the EddyPro 7.0.9 software. It included a series of standard corrections Foken et al. to
ensure a better estimate of vertical fluxes while discarding outliers and correcting possible problems such as flow distortions
insufficient turbulence under stable or nighttime conditions, leading to underestimated fluxes instrumental and setup errors such
as sensor misalignment and frequency response losses. Corrections involve spike removal and raw data statistical screening
Mauder et al. (2013); Vickers and Mahrt (1997), time lag compensation by covariance maximization Moore (1986), and
correction for high-frequency spectral losses Foken et al. (2012). Due to the topography and heterogeneity of the canopy, the
planer fit approach with 30° sectors was used Wilczak et al. (2001). Differences and air density fluctuations due to changes
in temperature and water vapor were corrected according to Webb et al. (1980). We also calculated the random error of the
original CO, fluxes according to the method reported by Finkelstein and Sims (2001). The footprint of the EC tower was
estimated using the analytical model reported by Kljun et al. (2015).

In the second phase of the quality control outliers in the final calculated fluxes were eliminated based on a default statistical
criterion, i.e. flux values < 2 times the standard deviation of the whole dataset. Furthermore, fluxes under rainfall events and

equipment failure were also removed. The primary step in the data quality control process involved spike detection using the
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Median Absolute Deviation (MAD) method Papale et al. (2006). Based on the filtering technique of Del Castillo et al. (2018),
we filtered our data on dimensionless turbulent intensity indices I,, and I, derived from the ratio of mean horizontal (@) wind

and estimated vertical (w) wind velocities to turbulent kinetic energy ur x g Wharton et al. (2009). They are defined as follows:

I,=—— (1)
UTKE

I, = Wplane )
UTKE

The turbulence intensity scale urx g is defined as

MBS

UTKE = (u/Q 4 v/2 T w/2)

3

where uZ, v2, and w? are the variances of the horizontal (u), crosswind (v), and vertical (w) wind velocities. The use of urx 5
assumes that the magnitude of turbulent kinetic energy (TKE) of the flow controls the efficiency of turbulence to transport mass

and energy. In order to identify the conditions under which a significant contribution of advective transport of a scalar occurred.

I,= “)

Wplane
I, = 2

®)

UTKE
estimated through multiple regression of the measured (w) on the mean horizontal components of wind velocity.

Paw U et al. (2000) and Wilczak et al. (2001): w = b + bu + bv, where by, b, and b, are the sector-specific multiple
regression coefficients of the planar fit rotation. A critical value for each measure of turbulence strength was determined
visually by inspecting a scatterplot of NEE versus a given filter for both daytime and nighttime given in Table 1. The filtering
processes assume that the release and consumption of carbon through photosynthesis and respiration are independent of the
intensity of turbulence. The use of dimensionless filters that are inversely proportional to the effectiveness of turbulent transport
of mass and energy was effective in discriminating and eliminating periods when the vertical or horizontal advection cannot
be neglected. We estimated I, and I, thresholds for different time periods for our analysis mentioned in table Al. The plots
determined are also added in the supplementary material.

During nighttime, the atmospheric boundary layer is often weak or absent, resulting in an isothermal stratification of the air
column that limits vertical mixing resulting in net ecosystem exchange (NEE) values unrepresentative of actual gas exchange
in the ecosystem Wutzler et al. (2018); Loescher et al. (2003). Therefore, we used the R package Reddy Proc version 1.3.3 and

the guide proposed by Wutzler et al. (2018), to select a critical friction velocity (u*) threshold to avoid systematic biases under
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calm wind conditions Papale et al. (2006). The u* threshold was seasonally calculated, resulting in a range of 0.13 to 0.25
ms~! between seasons considering the differences in surface roughness due to changes in canopy phenology and the presence
of rain events. The u* threshold was based on seasons divided into four periods dry (August-November), wet(February- May) ,
wet-to-dry (June and July) and dry-to-wet (December and January) Wutzler et al. (2018); Barr et al. (2013) and implementation
of the moving point method. After all quality control procedures, the data available for analysis of NEE accounted for 73% in
2022-2023, 72% in 2023-2024, and 76% in 2024-2025. For consistency, the analysis period for all years was defined from
(April to March).

2.4 Correction of Incoming Radiation

To account for the influence of slope and aspect on radiation measurements, corrections were applied to net radiation. Direct
solar radiation was adjusted on the basis of the angle between the solar beam and the normal to the slope, which depends
on the slope inclination, azimuth, and solar declination. A semi-empirical method developed by Matzinger et al. (2003) was
used to estimate net radiation parallel to the slope by relating it to horizontally measured values using a proportional function.
Since the study site had similar conditions to those described in Matzinger et al. (2003); Hiller et al. (2008), their regression
parameters were adopted (a = 1.89 * 1072, b = 0.34). The solar declination was calculated using the algorithm of Whiteman
et al. (1989). The detailed method is provided in Murkute et al. (2024).

2.5 Energy Balance Closure

The EBC is essential for accurately quantifying the exchange of energy between the land surface and the atmosphere Foken

et al. (2012). It represents the conservation of energy at the surface and is defined as

R,=H+LE+G+e¢ (6)

with R,, representing net radiation, H the sensible heat flux, LE the latent heat flux, G the ground heat flux and e indicates
the closure error term, accounting for residuals arising from inaccuracies in the measured fluxes.
In the EBC € should be minimal ensuring that all significant energy fluxes are accurately measured. This is particularly chal-
lenging in complex terrains where slope, aspect, and surface orientation impact incident radiation. Such conditions can cause
discrepancies in R,, due to directional effects on incoming solar radiation. To improve the accuracy of the energy balance on
sloped or uneven terrain, we used the corrected net radiation (R,,,), which adjusts R,, for surface-normal conditions. This
correction accounts for the slope angle, the aspect, and the position of the sun by calculating the modified global irradiance

(Ryy) which is then used to derive R;,,,. The adapted energy balance equation is

Rny=H+LE+G+e (N
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2.6 Functional relationships

In order to estimate the functional relationships of water and light with carbon uptake, water use efficiency (WUE) and light
use efficiency (LUE) are calculated. Both metrics provide valuable information on the efficiency of the dry forest in using the
environmental conditions for carbon assimilation. WUE is a critical metric used to quantify the water utilization in relation to
carbon assimilation in ecosystems. It is estimated as the ratio of GPP (gC m~2) to evapotranspiration (ET, mm) representing

the total carbon fixed by vegetation per water loss:

GPP

WUE =~

®)

LUE represents the efficiency of plants to convert light energy into biomass through carbon assimilation. It is defined as

GPP

LUE = ——
u PPFD

®)

with PPFD as photosynthetic photon flux density (zmol m~2 s~!) representing the incident light used for photosynthesis.

which does not account for absorption efficiency. LUE is given in gC pmol 1.
2.7 Vegetation state

To assess the greenness of the vegetation at the EC flux tower, we used the Normalized Difference Vegetation Index (NDVI)
derived from the version 2 product, which is part of the Copernicus Global Land Service (CGLS). It provides high-resolution
optical imagery with a spatial resolution of 300 meters Copernicus Global Land Service (2021). NDVI values range from -1 to

1 and indicate vegetation health and density.
2.8 El Niiio Southern Oscillation

In order to account for the interannual variability of large-scale conditions the Nifio 1+2 index was used to characterize the
dominant Eastern equatorial Pacific sea surface temperature (SST) NOAA Climate Prediction Center (2024). They are closely
linked to coastal and regional climate anomalies along the west coast of South America. It is particularly sensitive to the
development of Eastern Pacific El Nifio events, with positive values representing warm phases (El Nifio) and negative values

indicating cold phases (La Nifia) Dubury and Duxbury (1999).
2.9 Data analysis

To identify the key environmental factors influencing the variability of GPP and Reco, we applied a Principal Component
Analysis (PCA) using the scikit-learn Python package sci (2026). PCA is a statistical approach that reduces the dimensionality
of the dataset by transforming correlated variables into a smaller set of uncorrelated variables, i.e. principal components, which

capture the maximum variance in the data Jolliffe (2011). The primary objective of PCA was to identify dominant modes of
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covariability and to clarify which environmental variables exert the strongest control on GPP and Reco. In this study, PCA was
applied to a set of meteorological, energy and carbon flux variables. The analysis was conducted on daily data for the defined

seasons and on annual subsets mentioned above.

3 Results
3.1 Micrometeorological conditions

The study area exhibits distinct wet and dry seasons driven by high variability in precipitation and further climatic factors.
As shown in Fig. 2, the wet season typically spans from January to May, and February 2025 in particular recorded the high-
est monthly precipitation at 302 mm. During the three-year period, the average total precipitation during the wet season was
approximately 359 mm. The dry season extends from June to December, and is characterized by significantly lower rainfall
averaging 6.8 mm, though 2023 was an exception with 41.8 mm. Correspondingly, SM reaches its peak during the wet period
with a shift in the maximum from April 2023 (40 %vol.) to February 2025 (40%vol.), while it drops to 15%vol. during the dry
months.

This is also reflected in the water balance derived from precipitation and ET (Fig. 2 d). Wet periods typically yield a positive
water balance, except January 2024, which was almost neutral at 1.1 mm. In contrast, the dry period consistently shows a
negative water balance (-11 mm). December, which marks the transition from dry to wet season, has a positive water balance
of 60 mm, except in 2022 and 2024 when neutral conditions prevail and with maximum positive water balance in Feb 2025

with highest rainfall.

The maximum and minimum Ta range between 28 - 30°C and 14 - 18 °C, respectively, exhibiting lower variability with
minor fluctuations during dry and wet periods. In contrast, the vapor pressure deficit (VPD) shows higher variability corre-
sponding to variations in precipitation with maximum values of up to 13 hPa during the dry season and minimum values
during the wet period (3.4 hPa). The same pattern can be observed in Rg and Ts resembling strong seasonality at the study site.
Interestingly, the peak phase in Ts during the dry period in 2023 reveals lower values (27 °C) compared to 2022 (30 °C) and
2024 (30 °C).

NDVI as an indicator of the greenness of the vegetation and the Nifio 1+2 index are illustrated to underpin the intra- and
interannual variability of the region. NDVI exhibits a clear seasonal pattern, with higher (lower) values during the wet (dry)
season. The maximum of 0.74 occurred in March 2024, while the minimum of 0.22 was observed in November 2022 when
vegetation activity was lowest. The Nifio 1+2 index reveals strong interannual variability, with La Nifia conditions (negative
values) dominating until late 2022, followed by a pronounced El Nifio phase (positive values) from April 2023 to early 2024.

Neutral conditions recurred from April to October 2024, followed by a return to positive values starting in January 2025.
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Figure 2. Monthly mean values of a) precipitation (P, bars, mm month™ 1y and soil moisture (SM, line, %vol.), b) vapor pressure deficit (VPD,
bars, hPa), maximum air temperature (Ta max, red line, °C), and minimum air temperature (Ta min, light red line, °C), c¢) global radiation
(Rg, bars, W m~?2) and soil temperature (Ts, line, °C), (d) Evapotranspiration (ET, bars, mm month~') and Water balance calculated as
Precipitation minus Evapotranspiration (P-ET, line, mm month~') and (e) Normalized difference vegetative index (NDVI, bars) and Nino
142 index (Nino 1+2 index, line) over the time period April 2022 to March 2025. The shaded area denotes the dry season. Note that Rg data

for April 2022 is unavailable due to an instrument failure.

3.2 Energy Balance Closure

To assess the performance of the EC measurement system with respect to the EBC, Table 1 presents the regression coefficients
(slope, intercept) of the linear fit of net-radiation (Rn) minus G against the sum of sensible (H) and latent (LE) heat flux grouped

into the entire period, as well as wet, dry, and transition periods defined above in shown in FigAl.

10
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Data Periods Intercept | Slope RMSE

All Data 18.31 0.71 | 092 | 47.52

Wet 11.68 0.74 | 0.88 | 58.28

Dry 23.40 0.70 | 0.92 | 41.15
Transition (Wet -Dry) 21.13 0.71 0.88 | 3544
Transition (Dry - Wet) 15.16 0.70 | 092 | 48.80

Table 1. Energy balance closure (EBC) metrics for various seasonal periods, including slope, intercept, R?, and RMSE W m ™2 values.

Dry (2022) | Wet (2023) | Dry (2023) | Wet (2024)
Max 0.57 8.38 0.94 9.58
Min 0.15 4.00 0.15 2.22

EGUsphere\

Table 2. Soil CO; fluc (zmolm™2s~ 1) measured across the study area during survey campaigns carried out in the time periods listed.

In general, the EBC shows a strong correlation, accounting for 92% of the available energy (R? = 0.92). The slope of 0.71
indicates a moderate underestimation of turbulent energy fluxes, while the RMSE of 41.12 W m~2 indicates a reasonable level
of error in all values. Closure is highest during the wet season, when the slope is 0.74. At the same time, the lowest R? value
(0.88) is featured, which points to a greater variability in the data. This is further supported by the highest RMSE of 58.28 W
m~2. Closure is at its lowest (R = 0.70) during the dry season and the transition to the wet season, while the transition to the

dry season shows the lowest RMSE (35.44 W m~2) suggesting reduced variability and more consistent measurements.

3.3 Seasonal patterns of carbon fluxes

Fig.3 presents the daily carbon fluxes throughout the study period, illustrating the dominant seasonal variations at our study
site. Measurements begin in the wet season in April 2022, where we observe maximum values of NEP (-2.5 gC m~2day 1),
GPP (7.5 gCm~2 day— '), and Reco (5.0 gC m~2 day~!). During the dry season, the magnitude of NEP decreases, fluctuating
between -1 to -0.5 gCm~2day ! from June to December (dry season), while GPP and Reco decrease to approximately half of
their values compared to the wet season.

With respect to the carbon sink function, we can observe that the wet season is a strong carbon sequester with 11.2

gCm~2day—!

on average. This reduces to 2 gCm~2day ! during the dry period.
This is also confirmed by the soil CO5 flux summarized in table 2. Strong seasonal variations could be observed between
the dry and wet season (measurements only available) with an increase in the efflux by 84% during the wet season.
Additionally, Table 3 summarizes the monthly carbon fluxes revealing the oscillation of carbon sink and source, particularly

during the transitions. The wet season consistently acts as a carbon sink, especially in March, April, and May, when higher
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Figure 3. Daily sums of net ecosystem productivity (NEP, maroon marker, gCm~2day~ 1), gross primary productivity (GPP, yellow marker,
gCm~2day~') and ecosystem respiration (Reco, green marker, gCm~2day~ ') throughout the study period. The shaded area indicates the

dry season and daily precipitation (P, blue bar, mm day ™).

rainfalls occur. The transition from wet to dry (June and July 2023) indicates a carbon source, while the dry-wet transition in

January, February, and December 2023 features neutral carbon balances.
3.4 Annual carbon budgets and environmental factors

In order to examine variations between the three-year period, the annual distributions of GPP, Reco, and key environmental
factors are summarized in Fig. 4. GPP and Reco exhibit the highest median and variability in 2023-2024, showing higher
photosynthetic activity. Ts consistently exceed Ta across all years, with both remaining relatively stable for 2022-2023 and
2023-2024, but a slight increase is obtained in 2024-2025. SM and precipitation also have the highest values in 2023-2024,
corroborating with lower VPD levels, and higher GPP and NDVI values.

In contrast, 20242025 shows reduced precipitation and SM, likely contributing to lower GPP and NDVI, while VPD levels
are high representing increased atmospheric dryness.

Cumulative GPP, Reco, and NEP fluxes as well as precipitation are shown in Fig. 5 to summarize the annual and sea-
sonal carbon budget. The markers indicate the onset of the respective seasons. The annual GPP and Reco sums highlight
distinct differences between the three years. In 2023-2024, carbon fluxes were markedly elevated, with carbon uptake reaching
1377.9 gCm~2year—! and carbon release at 1041.5 gCm~2year~!. In contrast, the remaining years (2022-2023 and 2024-
2025) show similar patterns and reach GPP values of 939.6 and 977.2 gCm~2year—! as well as Reco values of 710.19 and
685.64 gCm~2year™!. Interestingly, the onset of the respective seasons starts later in 2022-2023. This is also reflected in NEP

L, although variations in the wet-to-dry and dry-to-wet transitions

with the highest carbon exchange of -336.36 gCm~2year™
can be observed. In particular, in 2023-2024 the wet-to-dry season shows a shift of the NEP values from negative to positive,

which indicates a stronger carbon release into the atmosphere. The ecosystem functions as a carbon source during the dry

12
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Figure 4. Yearly box plots of a) gross primary production (GPP, gCm~2 month™") and ecosystem respiration (Reco, gCm~2 month™"),
b) soil temperature (Ts, °C) and air temperature (Ta, °C), c) soil moisture (SM, % vol.), d) precipitation (P, mm month™'), e) normalized

difference vegetation index (NDVI) and f) vapor pressure deficit (VPD, hPa) for the years 2022-2023, 2023-2024 and 2024-2025.
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Year Month NEP GPP Reco VPD Ts SM
Apr 263.0 1952 1313 50+41 242107 247 123
May 1638 1045 77 78L56 SRR ES ) 85117
Tun 1877 1762 7885 91E57 266 L 12 35514
Tul 25770 37776 22.06 10.6 £ 64 79 £ 17 10£07
2022 Aug 2617 77776 2175 M7L72 20819 77E03
Sep 3115 35.67 vy 25570 790 L 19 70L02
Oct 719.06 3530 1624 2.6 £70 RILIS 65501
Nov 1877 33.00 1423 8 L72 T E12 63L01
Dec 1354 373 30.18 101562 2709 64102
Tan 1.0 377 36,6 1.6 £7.0 2358+ 12 60 +04
Feb 7.7 874 1052 82166 %L 13 94 £32
2023 Mar 230 775.6 202.6 19142 245107 28195
Apr 91 7375 733 38132 245500 371 L82
May 548 714 166.6 34 L2327 746 £ 09 262 L 49
Ton 35.0 156 130.6 30£32 3L 13 92E22
Tul 6.1 96.8 102.9 56146 26.6L 2.0 67517
Aug 236 584 3538 64L51 379L 23 10906
Sep 18770 30,40 317 8OL 538 394L 23 84L06
Oct 29.08 30.76 216 85562 28E2.0 73102
Nov 1657 30.03 1345 99165 27422 68102
Dec T4 302 317 85163 371L2.0 6912
Jan 193 1243 105.0 61L45 25.0% 0.9 175534
Feb 7535 184.93 1093 50541 47507 708L92
2024 Mar 10435 209.09 104.7 65545 24.6£0.7 773592
Apr 3055 129.79 892 77E53 RIS 315565
May 129 789 66.0 89L 57 261E15 153519
Tune 33.60 51,29 %6 103L 64 RIL21 94L 11
Tuly 25.04 63.63 38.50 12576 290522 70£05
Aug 20,68 13.63 23.02 T4E75 303127 50103
Sep 2874 5.6 1651 22575 297+ 2.4 54102
Oct 35,65 39.92 1427 2.6L72 788L 28 52101
Nov 3530 36.79 1149 13578 371E2.0 50501
Dec 1146 32.62 31.16 T1£66 37.0£ 2.0 53101
Jan 103 483 586 98 L66 252519 75507
Feb 57 23,1 173 52552 73 L 13 39.0% 162
2025 Mar R34 7846 2012 35137 239107 414133

Table 3. Monthly values of net ecosystem productivity (NEP, gCm~ 2month™ 1), gross primary productivity (GPP, gCm~?month~!) and
ecosystem respiration (Reco, ngmeonthf b, vapor pressure deficit (VPD, hpa), soil temperature (Ts, °C) and soil moisture (SM, %vol.)

in values for years 2022, 2023, and 2024

season and temporarily in January to February. During 2022-2023 and 2024-2025, a more consistent annual pattern sink is
shown with maximum values of —229.49 and —291.58 gCm~2year™—!, respectively.

290 To quantify the relationship between the carbon fluxes and environmental conditions Fig. 6 displays annual GPP and Reco
values against key environmental factors such as VPD, Ts, SM and NDVI. Ta and RH are not shown as it shows no further
insights into the relationship. Standard deviations of each variable calculated on a monthly basis show the strength of the

variability.
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Figure 5. Cumulative distribution of a) gross primary productivity (GPP, gCm~2hour™!), b) ecosystem respiration (Reco, gCm~2hour 1),

¢) net ecosystem productivity (NEP, gCm~2hour™'), and d) precipitation (P, mm). Markers indicate the onset of the defined seasonal phases

wet (dot,green), dry (star, red), wet-to-dry (triangle. blue), and dry-to-wet (diamond, orange). Data are shown for the years 2022-2023 (line,

brown), 2023-2024 (line,orange), and 2024-2025 (line, black).Note that measurements begin in April.
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Figure 6. Annual relationships between gross primary production (GPP) and ecosystem respiration (Reco) with key environmental drivers
vapor pressure deficit (VPD, hPa), soil temperature (Ts, °C), soil moisture (SM, % vol.), and normalized difference vegetation index (NDVT)
across three annual periods 2022-2023 (blue), 2023-2024 (green), and 2024-2025 (orange). Circle markers represent GPP and square

markers represent Reco for each respective year.

Annual carbon fluxes in 2022-2023 (GPP: 939, Reco: 710) and 2024-2025 (GPP:977, Reco: 685) show similar patterns,
with clearly lower levels compared to 2023-2024 (GPP: 1377, Reco: 1041). At the same time, VPD and Ts reveal lower values
in 2023-2024 reaching only 10hPa and 27°C on average, while SM and NDVI show higher values up to 0.6, reflecting favorable

growing conditions.
3.5 Seasonal and annual functional relationships

To examine how seasonal availability of water and light impacts the carbon fluxes of the dry forest ecosystem. Fig. 7 illustrates
WUE and LUE grouped by the defined seasons and years. WUE appears relatively consistent across all seasons with median
values varying between 3 and 5 gC kg~ 'H,O. Differences between the years are more pronounced. While 2022-2023 and
2024-2025 show similar patterns across the seasons, 2023-2024 had higher values during the wet and dry-to-wet period. In the
remaining seasons this year showed lower values. Therefore, fluctuations in WUE are more evident on the inter- than intrannual
basis.

In contrast, LUE shows a more pronounced seasonality with the highest values on average during the wet season (4.8 gC
MIJ~1) and a clear decline towards the dry season (1.5 gC MJ~1). The highest LUE occurs in the wet season in 2023-2024, but

also the dry-to-wet season during this year exhibits strikingly high values compared to the remaining two years (2.5 gC MJ~1).
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Figure 7. Box plots representing a) water use efficiency (WUE, gC kg~ *H20) and b) light use efficiency (gC MJ~ ') across different seasonal
periods (wet, dry, wet-to-dry transition, and dry-to-wet transition) over three annual periods 2022-2023, 2023-2024, and 2024-2025.

Cumulative distributions of WUE and LUE are illustrated in Fig. 8. Similarly to seasonal patterns, WUE also shows a
rather weak signal in the interannual variability and rises almost linearly throughout each year, but 2023-2024 has higher when
compared with other time periods.

In contrast, LUE reveals clear differences between the years. 2023-2024 presents a markedly higher cumulative LUE,
particularly due to stronger increases from June, indicating enhanced light utilization and productivity. This features a different
growth pattern compared to the other two years, which differ mainly by magnitude with 2022-2023 showing the lowest LUE

values.
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Figure 8. Cumulative distribution of a) water use efficiency (WUE, gCkg ™ "H20) and b) light use efficiency (gC MJ~1). MMarkers indicate
the onset of the defined seasonal phases wet (dot,green), dry (star, red), wet-to-dry (triangle. blue), and dry-to-wet (diamond, orange). Data
are shown for the years 2022-2023 (line, purple), 2023-2024 (line,blue), and 2024-2025 (line, yellow). Note that measurements begin in
April.

3.6 Environmental controls on carbon fluxes

While efficiency metrics provide direct indications of limitations imposed by water and light, multivariate analysis such as PCA
allows the most important environmental controls to be systematically identified. Fig.9 illustrates bi-plots of environmental
factors together with GPP and Reco classified into the four defined seasons loadings and variances mentioned in . For both
carbon fluxes, the first two PCs explain most of the total variance. During the wet season PC1 shows strong positive loadings
for Rg (0.92), Ta (0.85), VPD (0.81), H (0.85), LE (0.80), and GPP (0.80). This component therefore represents an energy
or radiation driven gradient, where increased incoming radiation and temperature coincide with enhanced turbulent energy
exchange and photosynthetic activity.

PC2 was characterized by high positive loadings for Ts (0.81) and VPD (0.45), and strong negative loadings for SM (-0.74),
LE (-0.46), and GPP (-0.43). This axis thus captures a moisture-related gradient, separating wet, energy-efficient conditions
from dry, water-limited conditions with reduced carbon uptake. In contrast, the PCA for Reco reveals a different structure. PC1
is dominated by positive loadings of Ta (0.89), VPD (0.87), Rg (0.88), and H (0.84), but Reco contributed little to this axis
(0.05). It shows that respiration is not directly coupled to short-term variability in atmospheric energy availability. Instead, PC2
was characterized by high positive loadings of Reco (0.81), SM (0.82), and LE (0.51), and negative loadings of Ts (-0.68) and
VPD (-0.28), suggesting that respiration rates are primarily controlled by moisture availability. During the dry season GPP

(0.80) is again represented by PC1, reflecting the co-variation of photosynthetic activity with incoming radiation and turbulent
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Figure 9. Principal Component Analysis (PCA) of gross primary production (GPP, red) and ecosystem respiration (Reco, blue) in relation
to key environmental variables: soil temperature (Ts, °C), air temperature (Ta, °C), vapor pressure deficit (VPD, hPa), soil moisture (SM, %
vol.), latent heat flux (LE, W m~2), sensible heat flux (H, W m~?2), and global radiation (Rg, W m™2) for the four seasonal conditions: (a,d)

wet, (b,e) dry, (c,f) wet-to-dry transition, and (d,h) dry-to-wet transition.

heat exchange, but also weak negative loadings on PC2 (-0.29) together with LE (—0.38). This suggests that PC2 distinguishes
hot and dry conditions from periods of higher evaporative and carbon uptake activity. Reco is strongly loading on PC2 (0.86),
while SM contributed little to either component, indicating limited short-term influence of water on observed flux variability
during the dry period. The transition season wet-to-dry shows a similar pattern to the wet season with a strong loading of
GPP (0.72) on PCI1 representing an energy-driven gradient, and negative loading of GPP (-0.45) on PC2. Reco again has a
strong loading (0.84) on PC2 together with SM (0.86) and LE (0.61) as well as negative loadings of VPD (-0.31) reflecting the
moisture related component. Dry-to-wet transition GPP (0.61) as well strongly loads onto PC1 and is driven by an energy- and
radiation gradient. Interestingly, PC2 contrasted variables related to moisture (SM = -0.56, LE = -0.51) and temperature (Ts =
0.76, VPD = 0.54) with a negative loading of GPP (-0.48). Therefore, this component captures a moisture—dryness gradient,
separating dry, hot periods with reduced GPP from wetter conditions with higher LE and carbon uptake. Reco is strongly
loading onto PC2 (0.86), together with SM (0.78), and LE (0.55), and negative loadings for Ts (-0.59) and VPD (-0.31)
indicating that respiration rates were primarily controlled by soil moisture availability.

To quantify the temporal stability of environmental controls and their contribution to the annual variability of carbon fluxes
Fig. 10 shows the bi-plots for the years 2022-2023, 2023-2024 and 2024-2025. For the year 2022-2023, the PCA for GPP
revealed that PC1 was dominated by positive loadings of Ta (0.84), VPD (0.83), H (0.87), Rg (0.89), and GPP (0.60), indicating
that carbon uptake increased with higher radiation and associated energy fluxes. In contrast, PC2 showed strong negative
loadings for GPP (-0.61) and LE (-0.64), and a high positive loading for Ts (0.76), suggesting that this component represents a

temperature—moisture gradient, where GPP decreases under higher surface temperature conditions. For Reco, the PCA revealed
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Figure 10. Principle Component Analysis PCA gross primary production (GPP, red) and ecosystem respiration (Reco, blue) in relation to
key environmental variables soil temperature (Ts, °C), air temperature (Ta, °C), vapor pressure deficit (VPD, hPa), soil moisture (SM, %
vol.), latent heat flux (LE, W m™2), sensible heat flux (H, W m~2) and global radiation (Rg, W m~2) (a,d) 2022-2023 , (b,e) 2023-2024 and
(c,f) 2024-2025

a different structure. PC1 was characterized by negative loadings for Reco (-0.32) and positive loadings for Ta (0.82), VPD
(0.92), and H (0.85), indicating that respiration was weakly coupled to short-term variability in atmospheric energy. PC2
showed strong positive loadings for Reco (0.86) and LE (0.74), as well as a negative loading for Ts (—0.58) and a positive
loading for SM (0.77), reflecting the influence of moisture availability on respiration rates.

In 2023-2024, the PCA for GPP showed that PC1 was again dominated by energy-related variables, with strong positive
loadings for Ta (0.83), VPD (0.81), H (0.83), Rg (0.89), and GPP (0.63). This component represents an energy-driven gradient,
where GPP increases with higher radiation and sensible heat flux. PC2 showed positive loadings for GPP (0.64) and LE (0.65),
and a strong negative loading for Ts (—0.75) which is positive in 2022-2023, indicating that carbon uptake is enhanced under
cooler and wetter conditions with higher latent heat flux. For Reco, PC1 was dominated by Ta (0.83), VPD (0.91), H (0.83),
and Rg (0.79) with weak negative loading of Reco (—0.31), suggesting a limited direct link between respiration and short-term
energy inputs. PC2 exhibited strong positive loadings of Reco (0.83), LE (0.75), and SM (0.79), together with a negative
loading of Ts (—0.52), highlighting the key role of moisture availability in controlling respiration dynamics during this year.

For 2024-2025, the GPP PCA indicated that PC1 continued to reflect an energy-driven gradient with strong positive loadings
of Ta (0.85), VPD (0.83), H (0.86), Rg (0.89), and GPP (0.59). This confirms that photosynthetic carbon uptake was primarily
associated with radiation and energy fluxes. PC2 showed positive loadings for GPP (0.66), LE (0.68), and SM (0.79), and a
strong negative loading for Ts (—0.73), representing a moisture—temperature gradient where GPP decreases under hot and dry
conditions. For Reco, PC1 exhibited positive loadings for Ta (0.84), VPD (0.93), H (0.85), and Rg (0.80) with a weak nega-

tive loading for Reco (—0.28), suggesting that respiration was less influenced by instantaneous energy inputs. PC2 displayed
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strong positive loadings for Reco (0.89), LE (0.76), and SM (0.85), accompanied by a negative loading for Ts (—0.50), again

emphasizing that respiration was primarily controlled by soil moisture and water fluxes.

4 Discussion

This study focuses on carbon balances in a Tumbesian dry forest ecosystem in southern Ecuador, characterized by strong
seasonality and pronounced dry—wet transitions that critically influence ecosystem function. Intra- and interannual variability
of carbon fluxes and environmental conditions was investigated using EC measurements installed above the forest canopy. The
EBC as a critical measure in estimating the quality of the measured fluxes showed good slope values across the defined seasons,
confirming the reliability of the data. They are in the range of 70 - 77% which can occur in more complex terrain and can reach
up to 35% Cuxart et al. (2016).

Seasonality in the study region is particularly driven by atmospheric circulation patterns Garreaud (2000), which result in a
rainy (dry) season when the ITCZ is located on the northern (southern) hemisphere and eastern (north-eastern) trade winds
allowing (inhibiting) convective activities at the western slopes of the Andes Bendix et al. (2017). Thus, these large-scale
patterns directly affect the timing and magnitude of local-scale rainfall distributions. Meteorological conditions at the study
site reflected the strong seasonality, particularly in water-related variables such as precipitation, SM, RH and VPD (Fig. 2. Due
to geographical location of the study site, Ta showed minimal seasonal variation, while Ts revealed distinct seasonal changes.
The diverging Ta and Ts patterns indicates the differential thermal responses of the atmosphere and the land surface, with
Ts being more responsive to changes in Rg, SM availability, and surface energy partitioning. ET, intrinsically coupled to both
water availability and temperature, exhibits seasonal dynamics reflecting the combined influence of these environmental drivers
also observed in Nie et al. (2021).

Seasonal variations in carbon exchange were evident throughout the study period (April 2022 — March 2025). Peak carbon
uptake occurred between February and May (600-725 gCm ~2year—!), coinciding with the rainy season. This interval represents
the main growth period, characterized by high photosynthetic activity due to the concurrent availability of water and light, as
reflected by elevated NDVI values (Fig. 2). During this phase, the dry forest acted as a strong carbon sink (NEP ranging from -
100 to -200 gCm~2year—!) comparable to neotropical dry forests in Mexico Rojas-Robles et al. (2020). Quantified GPP values
were proportional to the magnitude of precipitation (Table 3) highlighting the importance of water availability, consistent with
findings from dry forest ecosystems in Costa Rica Castro et al. (2018) and southern California Luo et al. (2007).

Despite declining photosynthetic activity and leaf fall due to reduced atmospheric moisture during the wet-to-dry transition,
the area still acted primarily as a carbon sink. However, rainfall anomalies in June-July 2023 (10.5 mm compared to 3.5
mm) caused NEP to indicate a carbon source (35.6 gCm~2month—!), likely due to the Birch effect triggering increased soil
microbial respiration Jarvis et al. (2007); Gonzélez-Jaramillo et al. (2016). This caused Reco to exceed GPP, also described by
Rojas-Robles et al. (2020), with the forest temporarily functioning as a carbon source (Tab. 3).

During the dry-to-wet transition, the ecosystem demonstrated carbon flux responses ranging from near-neutral to net COq

source behavior, depending strongly on the timing and intensity of early-season precipitation. For instance, early rainfall
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during the 2022-2023 wet season caused the ecosystem to act as a net carbon source in February 2023, with NEP values of
+17 gCm—2month~! (Table 3). In contrast, during the dry season, limited water availability reduced photosynthetic activity,
decreasing carbon accumulation by approximately 85% compared to the wet season. This decline was reflected in reduced
NDVI values, consistent with observations from tropical dry forests in the Catinga biome in Brazil Mendes et al. (2020) and
cool dry forests in Argentina Garcia et al. (2017). Elevated VPD during the dry period further constrained carbon uptake
by promoting stomatal closure and limiting gas exchange (Fig. 2). The dominant factor on seasonal carbon fluxes was the
pronounced reduction in photosynthetically active area during the dry season, as deciduous and semi-deciduous species shed
their leaves. Nevertheless, the ecosystem generally remained a net carbon sink, likely sustained by ongoing photosynthesis of
evergreen species in the area.

At the annual scale, clear variations in ecosystem productivity were observed during the study period. Consistent with previous
studies Mendes et al. (2020); Gonzdlez-Jaramillo et al. (2016); Garcia et al. (2017) the tropical dry forests functioned as a
net carbon sink, with annual budgets ranging from -100 to -300 gCm~2year~!. In our study area, annual carbon balances
fell within this range (-200 to -250 gCm~2year~!; Tab. 3). Despite this overall sink behavior, strong interannual variability
was evident. GPP peaked in 20232024 (1377 gCm~2year—'), while substantially lower values were observed in 2022-2023
(939 gCm~2year~!) and 20242025 (977 gCm~2year—!). The elevated productivity in 2023-2024 coincided with favorable
hydroclimatic conditions, characterized by higher SM (37%) and reduced atmospheric water stress (VPD around 9 hpa) (Fig.3),
which indicates enhanced water availability and canopy photosynthetic activity. In contrast, reduced productivity in the other
years was associated with increased water stress. The moderate recovery observed in 2024-2025 is likely linked to improved
post El Nino soil water storage, partially offsetting hydroclimatic constraints.

El Nifio phases are typically linked to reduced ecosystem productivity, particularly in hydroclimatic sensitive tropical and
semiarid regions Dannenberg et al. (2021) with the strongest impacts during Central Pacific El Nifio events due to elevated
temperatures and increased atmospheric water demand. Restrepo-Coupe et al. (2024) showed that El Nifo-induced droughts
in the tropical Amazon substantially reduced photosynthetic capacity through elevated VPD, decreased canopy conductance,
and leaf area loss, with persistent legacy effects, while La Nifia wet extremes primarily imposed light limitation and allowed
for rapid recovery. In our study, the moderate productivity observed in 2024-2025 likely indicates improved post El Nifio soil
water storage, while reduced productivity in 2022-2023 and parts of 2024-2025 can be attributed to increased water stress and
suppressed photosynthetic activity.

Linking efficiency metrics to EC-derived carbon fluxes revealed that seasonal and interannual variability in carbon exchange
is predominantly controlled by light-use processes rather than water-use constraints. Both, WUE and LUE strongly depend on
hydroclimatic transitions, but their dynamics differ systematically (Fig. 6). During the wet season, high efficiencies indicate
favorable conditions for carbon uptake. As conditions shift towards the dry season, LUE declines earlier than WUE likely
driven by early leaf shedding and reduced canopy light absorption. This highlights the sensitivity of light-use processes to phe-
nological adjustments that precede severe water stress. Under dry-season conditions, both efficiencies converge at low values,
showing physiological down-regulation of photosynthesis and reduced autotrophic respiration Zhang et al. (2015); Zeng et al.

(2025). On the other hand, during the dry-to-wet transition the rapid recovery of LUE compared to WUE suggests that canopy
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greening (higher NDVI) and radiation-driven controls on photosynthesis precede the full restoration of ecosystem water use
Nie et al. (2021).

At the interannual scale, cumulative LUE peaked in 2023-2024, was intermediate in 2024-2025, and lowest in 2022-2023,
whereas WUE remained relatively stable throughout the study period (Fig. 8). The reduced efficiency in 2022-2023 is likely
due to drier conditions that constrained both water availability and photosynthetic capacity. The strong correspondence between
annual LUE and GPP indicates that light-use processes dominate interannual variability in carbon fluxes. This is consistent with
findings from tropical FLUXNET sites, where year-to-year variations in GPP are primarily regulated by radiation-driven pho-
tosynthetic efficiency and canopy functioning, while WUE exhibits weaker interannual variability Zhang et al. (2015); Tan
et al. (2015).

Our PCA results provide mechanistic insights into the environmental drivers shaping carbon flux dynamics in this tropical
dry forest (Fig. 9; Table 3). Across seasons, Reco (strongest loading on PC2 between 0.81 - 0.86) was consistently controlled by
SM, reflecting the fundamental moisture dependence of microbial decomposition consistent with patterns reported by Rodda
et al. (2021); Rojas-Robles et al. (2020) for tropical forests, whereas temperature effects were secondary and modulated by
water availability. During wet and transition periods, higher temperatures slightly reduced Reco (loading between -0.59 to
-0.61), likely due to enhanced moisture constraints, whereas in the dry season, low SM dominated respiration, limiting the
influence of temperature Cusack et al. (2023).

In contrast, GPP exhibited pronounced seasonal shifts in its dominant controls. During the wet season, photosynthesis
was primarily energy-driven, responding to Rg, Ta, and turbulence, consistent with a non-limiting water regime. Under dry
conditions and during transitional periods, GPP became increasingly sensitive to SM and VPD, revealing a strong moisture
limitation and a temporary decoupling between photosynthesis and respiration. During the wet-to-dry transition, decreasing
SM and increasing VPD constrained GPP despite sufficient energy, whereas Reco quickly responded to moisture pulses Stan
and Sanchez-Azofeifa (2019). In contrast, during the dry-to-wet transition this decoupling between soil and atmospheric mois-

ture implies a lagged recovery of carbon uptake Castro et al. (2018).

At the annual scale, contrasting sensitivities of GPP and Reco highlight an asymmetric ecosystem response to hydrocli-
matic variability (Fig. 10). Reco remained largely moisture-controlled across years, reflecting the robustness of decomposition
processes to interannual climatic fluctuations Davidson and Janssens (2006). In contrast, GPP shifted between moisture- and
energy-limited regimes depending on hydroclimatic conditions. In 2022-2023, moisture limitation dominated, while the El
Niflo—influenced 2023-2024 period (Nifio 1+2 index between 2.4 — 3.4, Fig. 2) exhibited energy-controlled photosynthesis due
to sustained high SM, a pattern that persisted into 2024-2025. Similar ENSO-driven shifts in carbon flux controls have been
documented in Amazonian forests Restrepo-Coupe et al. (2024).

These findings are governed by a dynamic interplay between soil moisture and energy availability. While Reco is consistently

constrained by water availability, GPP is highly responsive to both moisture and energy gradients, resulting in asymmetric re-
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sponses to drought and wet extremes. This decoupling has important implications: drought suppresses both photosynthesis and
respiration, but short-term carbon gains can occur when respiration responds faster to moisture pulses Janssen et al. (2020);
Restrepo-Coupe et al. (2024). Moreover, the persistence of altered GPP variability under extreme hydroclimatic events under-
scores the vulnerability of these forests to increasing drought frequency and intensity, with potential consequences for regional

carbon cycling and climate feedbacks Castellanos et al. (2022).

5 Conclusions

This study analyzed seasonal and annual carbon fluxes of a tropical dry forest ecosystem in Southern Ecuador using EC
measurements, which revealed a strong sensitivity of ecosystem carbon exchange to microclimatic variability. The quantified
carbon balance showed that the ecosystem plays a dynamic role in the regional carbon cycle and is highly responsive to climatic
variations. Although the forest acted as a net carbon sink over the study period, pronounced seasonal and interannual variability
was observed, including temporary shifts to carbon source conditions during periods of climatic stress. The absence of pro-
nounced seasonality in WUE indicated a clearly regulated and stable stomatal control of carbon—water exchange throughout
the year. In contrast, LUE exhibited strong seasonal variability, reflecting pronounced phenological and biochemical controls
on radiation use driven by seasonal changes in leaf area. Water availability further modulated the magnitude of carbon fluxes.
Wetter years were characterized by enhanced GPP and Reco, associated with lower VPD, as well as higher SM and NDVI.
Drier years showed reduced carbon uptake due to environmental constraints on ecosystem functioning. This interannual vari-
ability in carbon fluxes and microclimatic conditions was linked to large scale climate patterns including, particularly shifts
in different phases of ENSO. Seasonal and annual controls on the carbon fluxes were confirmed by the PCA. Generally, GPP
was driven by Rg and Ta while Reco was rather impacted by SM and Ts. At the annual scale, GPP in particular was influenced
by varying environmental factors. ENSO-related climate extremes altered established relationships by shifting the balance be-
tween energy and moisture limitations. Periods of increased atmospheric dryness and elevated temperatures led to a partial
decoupling of photosynthesis and respiration, with GPP showing high sensitivity to hydroclimatic stress, while Reco remained
more consistently regulated by soil moisture availability. Overall, the results confirm that SM is a critical controlling factor
in water-limited tropical dry forest ecosystems. However, they also demonstrate that ecosystem functioning emerges from in-
teracting atmospheric and soil processes, whereby even small changes in Ts, Rg, and VPD can substantially alter ecosystem
feedbacks. These findings provide valuable insights into the vulnerability of tropical dry forests to climate variability and their

potential role in climate change adaptation and mitigation strategies.
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Table A1. Critical values used for filtering NEE, H and LE data. I,, and I,, represent turbulent indices.

Season Filter Day Night
2022 Dry Season I, 4.2 2.5

Ly -0.05,0.01 | -0.05,0.01
2022 Wet Season I 2.0 1.6

Iy -0.10,0.24 | -0.13,0.09
2022 Transition (wet-dry) | I, 2.4 3.8

Ly -0.01,0.23 | -0.01, -0.04
2022 Transition (dry-wet) | I, 2.3 3.6

Ly -0.17,0.36 | -0.14,0.38
2023 (wet) I, 4.0 2.5

Ly -0.03,0.35 | -0.23,0.00
2023 Transition (wet-dry) | I, 1.9 3.3

Ly -0.05,0.23 | -0.27,0.08
2023 (dry) I, 3 1.9

Ly -0.04,0.32 | -0.02,0.07
2023 Transition (dry-wet) | I, 3.6 2.3

Iy -0.11,0.36 | -0.43,0.13
2024 (wet) I, 4.3 2.8

Ly -0.02,0.2 -0.04, 0.14
2024 (wet-dry) I, 2.3 2.8

Ly -0.12,-0.03 | -0.04,-0.14
2024 (dry) I, 4.1 2.8

Iy -0.02,-0.34 | -0.01,0.05
2024 (dry-wet) I, 2.3 2.8

Ly -0.02, 0.34 | -0.04, -0.01
2025 (wet) I, 4.5 2.8

Iy -0.05,0.01 | -0.01,-0.05
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Table B1. PCA loadings (%) for GPP and Reco across all seasons.

Season | Variable | GPP PC1 | GPP PC2 | Reco PC1 | Reco PC2

Wet Target 0.80 -0.43 0.05 0.81
Ta 0.85 0.26 0.89 -0.03

VPD 0.81 0.45 0.87 -0.28

H 0.85 -0.04 0.84 0.08

LE 0.80 -0.46 0.72 0.51

Rg 0.92 -0.25 0.88 0.30

Ts 0.41 0.81 0.51 -0.68

SM -0.07 -0.74 -0.16 0.82

Dry Target 0.80 -0.29 0.34 0.86
Ta 0.85 0.43 0.89 0.02
VPD 0.84 0.47 0.86 -0.16

H 0.92 -0.33 0.89 -0.15

LE 0.84 -0.38 0.82 -0.08

Rg 0.90 -0.36 0.87 -0.15

Ts 0.57 0.72 0.63 0.14

SM 0.01 -0.11 0.07 0.92

Wet-Dry Target 0.72 -0.45 -0.12 0.84
Ta 0.83 0.26 0.87 0.02

VPD 0.79 0.52 0.88 -0.31

H 0.90 -0.22 0.85 0.33

LE 0.73 -0.52 0.62 0.61

Rg 0.91 -0.23 0.86 0.34

Ts 0.51 0.79 0.64 -0.61

SM -0.08 -0.79 -0.23 0.86

Dry-Wet | Target 0.67 -0.48 -0.06 0.86
Ta 0.83 0.39 0.87 -0.08

VPD 0.78 0.54 0.85 -0.31

H 0.89 -0.18 0.87 0.22

LE 0.73 -0.51 0.65 0.55

Rg 0.89 -0.27 0.85 0.30
Ts 0.47 0.76 0.57 -0.59

SM 0.01 -0.56 -0.10 0.78
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Table C1. GPP and Reco ladings(%) for given years.

EGUsphere\

Year Variable | PC1 GPP | PC2 GPP | PC1 Reco | PC2 Reco

2022-2023 | Target 0.60 -0.61 -0.32 0.86
Ta 0.84 0.14 0.82 0.26

VPD 0.83 0.43 0.92 -0.09

H 0.87 0.02 0.85 0.23

LE 0.59 -0.64 0.36 0.74

Rg 0.89 -0.16 0.82 0.40

Ts 0.37 0.76 0.57 -0.58

SM -0.15 -0.17 -0.40 0.77

2023-2024 | Target 0.63 0.64 -0.31 0.83
Ta 0.83 -0.17 0.83 0.20

VPD 0.81 -0.45 091 -0.11

H 0.83 -0.05 0.83 0.21

LE 0.66 0.65 0.43 0.75

Rg 0.89 0.22 0.79 0.46

Ts 0.52 -0.75 0.73 -0.52

SM -0.11 0.75 -0.36 0.79

2024-2025 | Target 0.59 0.66 -0.28 0.89
Ta 0.85 -0.15 0.84 0.24

VPD 0.83 -0.46 0.93 -0.11

H 0.86 -0.04 0.85 0.22

LE 0.59 0.68 0.34 0.76

Rg 0.89 0.18 0.80 0.42

Ts 0.48 -0.73 0.69 -0.50

SM -0.06 0.79 -0.34 0.85
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Figure A1. Scatter plot of turbulent fluxes, showing the sum of sensible and latent heat (H+LE, Wm ™ 2) plotted against available energy,

defined as net radiation minus ground heat flux (Rn-G, Wm™ 2
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