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Understanding the water use efficiency (WUE) of rubber plantations to seasonal fluctuations is critical for understanding the water, energy, and carbon cycle in tropical regions. In this study, we examine the exchange of water and heat fluxes between land and atmosphere in rubber plantation ecosystems during monsoon and drought seasons, employing data collected from eddy covariance towers. Further attribution analysis demonstrates that drought-induced alterations in the water use efficiency are predominantly governed by changes in surface resistance (positive contribution). The contributions of incoming shortwave radiation are virtually counteracted by air temperature and longwave radiation. It is noteworthy that the light use efficiency presents the most conspicuous negative contribution; however, this effect is predominantly counterbalanced by vapor pressure deficit (VPD) and aerodynamic resistance. The elevated water use efficiency (WUE) observed in rubber plantation ecosystems during the drought season raises concerns regarding the potential implications of anthropogenic forests on food and water security in tropical regions.
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1. Introduction

Tropical forests serve as crucial components in terrestrial energy, water, and carbon cycles (FAO, 2020). Land ecosystems in tropical regions act as significant terrestrial carbon sinks (Nakicenovic and Swart, 2000; Friedlingstein et al., 2006; Tagesson et al., 2020). Consequently, it is essential to thoroughly examine the water and heat flux exchange mechanisms, as well as the associated physical processes that govern surface energy balance within tropical forest ecosystems. Such investigations will enhance our understanding of climate change dynamics and their intricate relationships with carbon cycling (Mitchard, 2018; Uuh-Sonda et al., 2022).

In tropical regions, the interplay between land and atmosphere significantly influences local climatic conditions (Dirmeyer, 2011; Gentine et al., 2019). Exhibiting pronounced isohydric behavior, tropical forests stringently modulate stomatal conductance as a response to augmented atmospheric vapor pressure deficit (VPD) arising from elevated air temperatures (Novick et al., 2016; Gerken et al., 2018). Predominantly, energy limitations constrain the evapotranspiration of tropical forests (Mallick et al., 2016); nevertheless, moisture limitations manifest during drought episodes (Gatti et al., 2014). This underlines the imperative of concurrently addressing energy and water variables within the context of ecosystem water constraints (Green et al., 2019; Denissen et al., 2022). Water use efficiency (WUE), delineated as the proportion of carbon assimilation through photosynthesis relative to water loss via transpiration, functions as an indicator of the correlative exchange rate of CO2 and water between vegetation and the atmosphere (Morison, 1985; Eamus, 1991; Lavergne et al., 2019), namely.

[image: image]

Where WUE is water use efficiency (gC/m2/mm), GPP (gC/m2) is the gross primary productivity, ET (mm) is evapotranspiration.

Besides soil moisture, plants display a marked sensitivity to variations in atmospheric moisture content (Sulman et al., 2016). Notably, atmospheric water demand, as indicated by the vapor pressure deficit, has a direct bearing on the stomatal interface responsible for water passage. Under high vapor pressure deficit conditions, plants respond by closing their stomata to avoid excessive water loss (Bachofen et al., 2023). In a study examining the influence of atmospheric moisture on forests, Liu et al. (2017) analyzed 13 temperate and tropical forest biomes globally using a soil-plant-atmosphere dynamic model and found that increased atmospheric moisture plays a pivotal role in reducing forest mortality risk. Moreover, it has been established that, under warming conditions, an escalation in vapor pressure deficit diminishes forest CO2 uptake, resulting in a decline in aggregate forest primary productivity (Restaino et al., 2016; Sulman et al., 2016), which subsequently impacts forest vegetation growth. Lansu et al. (2020) observed that in the presence of higher vapor pressure deficit and concomitant elevated temperature conditions, forests exhibit reduced evapotranspiration and increased sensible heat flux release. This feedback mechanism concerning vapor pressure deficit can substantially augment forest temperature by up to 2K. Chen et al. (2021) postulated that the vapor pressure deficit triggers the seasonality of leaf phenology and photosynthesis. Some studies integrating soil and atmospheric moisture found that greater soil water content and atmospheric moisture correlated with increased plant diversity (Deng et al., 2016). Thus, examining the spatial and temporal variability of water in forest ecosystems and its influencing factors is crucial in climate change prediction, woodland ecohydrological processes, and ecosystem services research (Chang et al., 2021).

The rubber plantation is one of the native species in the tropical forest in Amazonia, with its successful introduced in Southeast Asia in the late 19th century, it has been a major economic plantation in the locality. The rubber plantation generally consumes about 72% of net radiation for evapotranspiration (Giambelluca et al., 2016; Pierret et al., 2016; Ruairuen et al., 2021), which raises concerns about water security in the plantation region (Tan et al., 2011; Niu et al., 2019). Studies have demonstrated that atmospheric dryness, rather than soil water is the major driver leading to canopy evaporation during drought season (Sopharat et al., 2015). Guardiola-Claramonte et al. (2010) revealed that vapor pressure deficit and air temperature have direct influences on water consumption. However, it remains to be examined whether sustained transpiration rates or the decoupling of transpiration and photosynthesis is widespread in monsoon season and sensitive to biophysical processes rather than enough water availability.

Considering the distinct characteristics of rubber plantations within tropical ecosystems, the objectives of this study are to: (1) obtain the seasonal variation of WUE, biophysical factors and water flux; (2) employ an attribution method to identify the dominant controlling factors of seasonal differences induced changes in WUE. This paper is organized as follows: (Section “2. Data and methods”) introduces the eddy covariance data and the attribution framework; (Section “3. Results and discussion”) presents the difference in environmental and biophysical factors between monsoon and drought seasons, and engages in a discussion of the implications of the attribution results derived from this study; (Section “4. Conclusion”) summarizes the study.



2. Data and methods


2.1. Flux measurement and data processing

The eddy covariance data was collected at Danzhou Tropical Agro-ecosystem National Observation and Research Station (short for DZ), located in Danzhou, Hainan Province, China (109°28′06″E, 19°32′16″N, altitude 114 m, Figure 1) from Jan 2010 to Dec 2020. The experimental site located at a typical tropical monsoon climate zone, which has an extraordinarily monsoon season (May to Sep) and pronounced drought seasons (Oct to Apr). The annual temperature at the DZ site ranges from 21.5 to 28.5°C. The site receives 1504.7 mm of annual precipitation, with the majority (80%) occurring between July and September. The forest canopy at this location reaches an approximate height of 20 meters.


[image: image]

FIGURE 1
The location of Danzhou Tropical Agro-ecosystem National Observation and Research Station.


The vorticity flux system at this study site has been conducting near-surface flux observations since November 2009, from 1 m below ground to 50 m at the top of the observation tower. The measured data contain both above- and below-ground components. The above-ground section mainly measures wind speed (three-cup anemometer, Met 010C-1, Met One, Inc., USA), temperature and humidity (hygrometer, HMP45C; Inc., Vaisala, Finland), wind direction (anemometer, Met 020C-1, Met One, USA), CO2 and water vapor fluxes (open-circuit infrared CO2/H2O gas analyzer, LI-7500, Li-cor Inc. H2O gas analyzer, LI-7500, Li-Cor Inc., USA), incident long-wave and short-wave radiation, and outgoing long-wave and short-wave radiation (Radiation Observation Sensor (CNR-1, Kipp and Zonen, Inc., Holland). The subsurface part of the measurement objects are soil moisture (Soil Moisture Sensor, CS616-L, Campbell Scientific Inc., Logan, UT, USA), soil temperature (Soil Temperature Observer, 109, Campbell Scientific Inc., Logan, UT, USA), soil heat flux (Soil Heat Flux Plate, HFP01. Hukseflux, Inc., Holland). In addition, we obtain the fPAR data from the MODIS15A2H data product (2010 to 2020) with a spatial resolution of 500 m. The temporal compositing period is 8 days; it can be downloaded at NASA EARTHDATA1 and processed as daily scale data when used.



2.2. Identification of monsoon season

Numerous methodologies have been established for determining the onset of monsoon seasons in tropical regions (Liebmann et al., 2007; Butt et al., 2011). Stern and Coe (1982) characterized the onset of the monsoon season as the initial day when precipitation reaches or exceeds 20 mm/day for two or three consecutive days, provided that there is no subsequent 7-day or longer period with zero precipitation within the following month.

The DZ exhibits a pronounced monsoon season from May to Oct, driven by the southwest monsoon originating from the Indian Ocean, and a drought period spanning from Nov to Apr. In contrast to previous studies that defined the monsoon season as beginning in May and ending in October (Lu et al., 2014; Titlyanov et al., 2019; Bahadur et al., 2022), we adopted and modify the definition provided by Stern and Coe (1982). According to their criteria, the onset of the monsoon season is marked by the first day on or after May 1st, when daily precipitation exceeds 1mm, followed by at least one additional rain event (daily precipitation greater than 1 mm) within the subsequent 3-day period and we define the end of the rainy season as the time in October when there is a consecutive 7-day period with 0 mm of rainfall. If this does not occur, the end of the rainy season is set as October 30th.



2.3. Quantify attribution method

The latent heat flux is calculated from Penman’s equation (Monteith, 1965):
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where λ is the latent heat of vaporization of water (2.45 × 106 J/kg); Δ is the slope of the vapor pressure deficit and temperature, Rn is the net radiation (W/m2); G is the soil heat flux (W/m2), ρ is the mean air density (1.2 kg/m3), Cp is the specific heat of air at constant pressure (1,005 J/kg/K), VPD means the vapor pressure deficit (kPa), γ is the dry wet constant, ra is the aerodynamic resistance (s/m), rs is the surface resistance (s/m).

ra was calculated using the method proposed by Thom (1972):

[image: image]

where Zm is the wind speed measurement height (m), Zh is the humidity measurement height (m), d is the zero-plane displacement height (m), Zom=0.1 h; Zoh=0.01 h, d=0.63 h, h is the canopy height (m), k(0.41) is the von Karman constant, and U is the wind speed measured at height Zm.

And then, we can obtain the rs calculation by inverting the PM formula:
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Where, Hs is the measured sensible heat flux (W/m2), which is calculated as:
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Where Ts is the surface temperature, and to ensure the relative independence of the influencing factors, we decompose them into functions composed of different variables by referring to Liao et al. (2018):
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Where ε is the surface emissivity and equal to 0.92, [image: image], [image: image], [image: image], [image: image].

According to the EC-LUE model proposed by Yuan et al. (2007), the GPP can be calculated as follows:
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where PAR is photosynthetically active radiation (can be calculated by incoming shortwave radiation), fPAR is the proportion of photosynthetically active radiation absorbed by the vegetation canopy, which is MODIS 15A2 from USGS [LP DAAC–MOD15A2H (usgs.gov)] with a temporal resolution of 8 days and a spatial resolution of 500 m. and LUE is light use efficiency.

Then, we substitute the calculation of each variable into the WUE equation to see that WUE is a function variable consisting of different influencing factors:
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where a1,a2,⋅,an represents atmospheric factors, b1, b2,⋅,bn represents biophysical factors.

This study addresses two main issues: (1) the status of the change in WUE from monsoon to drought season; and (2) the role and specific contribution of each atmospheric and biophysical factor in the change of WUE. In the analysis, the change in WUE from the monsoon to drought season is considered the result of changes in several variables. Based on this, the article quantifies the role of critical atmospheric and surface biophysical factors in WUE variability by referring to the analytical framework of the TRM method (Liao et al., 2018). A first-order derivation of Eq. (9):
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where delta represents change (e.g., △WUE=WUEdrought-WUEmonsoon), the partial deritive represent the sensitivities of WUE to changes in biophysical and atmospheric parameters. Each term on the right side of Equation 8 can be thought of as “contribution” with two components: (1) sensitivity (partial derivative) and (2) change. The contribution of a variable xi to WUE correspond to dWUE/dxi*Δxi (e.g., the contribution of Ta to WUE corresponds to dWUE/dTa*Δ Ta).



2.4. Application of the attribution method to observational data

This paper focuses only on the 9-h period during the day when the heat flux is high (8:00 to 17:00 local time). To ensure the representativeness of the data, at least 50% of the data amount is available for each calculation day during the 9 h.

Because the imputation method is based on the first-order Taylor expansion, it ignores higher-order and cross-order terms. In general, the error of this method is acceptable only when the variation of the imputed variables is slight. However, the biophysical and atmospheric factors are highly variable, and the estimated partial derivatives in the reference state (monsoon season) can easily cause significant errors. Therefore, we introduced a weighted average method to optimize the results (Liao et al., 2018), which can minimize the error in the WUE variation:
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where X is the optimal partial differential term used in the model and m is the average weighting factor, m is the average weight. xmonsoon is the partial derivatives calculated only using data in monsoon season, and xdrought is the partial derivatives calculated only using data in drought season.




3. Results and discussion


3.1. Seasonal variations in water use efficiency

Our examination of the annual variation in water use efficiency, gross primary productivity, and evapotranspiration in rubber forests, as well as the differences between monsoon and drought seasons (Figure 2), revealed a distinct “unimodal” distribution of gross primary productivity throughout the year. The highest values were observed during the monsoon season, with a considerable seasonal difference (P < 0.01) in the daily average values between monsoon and drought seasons. The daily average gross primary productivity was approximately 20.76 gC/m2 in the monsoon season and 11.46 gC/m2 in the drought season, representing a 44.80% decrease in ecosystem gross primary productivity from monsoon to drought season (Figures 2A, D).
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FIGURE 2
Annual changes in (A) gross primary productivity (GPP), (B) evapotranspiration (ET), and (C) water use efficiency (WUE) from 2010 to 2020, with the dots indicating the daily means of the variables, the line representing the 14-day moving average of the variables, and (D–F) the blue and orange bars of the three representing the multi-year daily means of the monsoon and drought seasons, respectively. The error bars represent the standard deviations of the variables in the monsoon and drought seasons, respectively.


Similarly, evapotranspiration exhibited a “unimodal” intra-annual distribution, with the highest values occurring during the monsoon season and a significant seasonal difference (P < 0.01) in the mean values of evapotranspiration between monsoon and drought seasons. The average daily evapotranspiration was approximately 7.75 mm in the monsoon season and 3.25 mm in the drought season, with the monsoon season values being 4.61 mm higher than those in the drought season (Figures 2B, E). This resulted in a 58.06% reduction in evapotranspiration from the monsoon season to the drought season.

Overall, the intra-annual variation in water use efficiency demonstrated low values during the monsoon season and high values during the drought season, characterized by significant fluctuations in the drought season and modest oscillations in the monsoon season. Water use efficiency displayed a monotonic decrease from the beginning of the drought season in January until the onset of the monsoon season, reaching its lowest point midway through the monsoon season, and subsequently gradually increasing to its maximum level during the drought season. By averaging water use efficiency for the drought and monsoon seasons from 2010 to 2020, it becomes evident that the means of water use efficiency for the monsoon and drought seasons differ significantly (P < 0.01). The multi-year mean for the drought season is markedly higher than that of the monsoon season, with the drought season mean being approximately 3.77 gC/m2/mm and the monsoon season mean at around 2.71 g C/m2/mm. The drought season mean is higher than the monsoon season mean by 1.07 g C/m2/mm (Figures 2C, F).



3.2. Variability in physiological and biological drivers of water use efficiency

Figure 3 illustrates the intra-annual variation and daily observations of environmental parameters at the DZ site from 2010 to 2020. Vapor pressure deficit (VPD) (Figures 3A, F), incoming shortwave radiation (Figures 3B, G), incoming longwave radiation (Figures 3C, H), precipitation (Figures 3D, I) and light use efficiency (Figures 3E, J) both display prominent seasonal fluctuations, increasing prior to the monsoon season, peaking during the monsoon season, and subsequently decreasing to drought season levels. The average incoming shortwave radiation during the monsoon season is 111.49 W/m2 greater than that observed in the drought season, while the mean incoming longwave radiation is 39.34 W/m2 higher in the monsoon season compared to the drought season (Table 1). Similarly, the vapor pressure deficit gradually increases before the monsoon season and begins to decrease after entering the monsoon season (Figures 3B, H), with the monsoon season mean value being 1.05 kPa higher than the drought season (Table 1).
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FIGURE 3
Interannual variation of (A) Vapor pressure deficit (VPD), (B) incoming shortwave radiation (Sin), (C) incoming longwave radiation (Lin), (D) Precipitation (Pr), (E) Light use efficiency (LUE) for 2010–2020, with shaded areas showing the monsoon season periods for each year, (F–J) represent the intra-annual variations of the multi-year daily mean values for each variable, with the line depicting the 14-day moving average.



TABLE 1    Changes in atmospheric and biophysical factors from monsoon to drought season.
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3.3. Attribution of seasonal differences in water use efficiency

Changes in the WUE from monsoon season to drought season (short for △WUE) are decomposed to contributions from into five atmospheric factors (air temperature, air pressure, vapor pressure deficit, incoming shortwave radiation, incoming longwave radiation) and six biophysical factors (fraction of absorbed photosynthetically active radiation, surface albedo, light use efficiency, soil heat flux, surface resistance, and aerodynamic resistance). As shown in Figure 4, Part I demonstrates that the model △WUE closely aligns with the observed △WUE. Next, we summarize the contributions of atmospheric and biophysical factors. Part II reveals that the total contributions of both atmospheric and biophysical factors are positive, indicating that these factors tend to enhance WUE upon entering the drought season. Notably, the contribution of atmospheric factors surpasses that of biophysical factors.
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FIGURE 4
Attribution of changes in water use efficiency. ΔWUE and ΔWUEm are the water use efficiency and model-calculated variation based on the measured values, respectively. Ta, Press, VPD, Lin, Sin, fPAR, α, LUE, G, rs, ra represent the contributions of air temperature, atmospheric pressure, vapor pressure deficit, incoming longwave radiation, incoming shortwave radiation, fraction of absorbed photosynthetically active radiation, surface albedo, light use efficiency, soil heat flux, surface resistance, and aerodynamic resistance, respectively.


Among the atmospheric factors third part in Figure 4, yellow bars, temperature, vapor pressure deficit, and incoming longwave radiation contribute positively. As illustrated in Table 2, the sensitivity of WUE to temperature, incoming longwave radiation, and vapor pressure deficit is negative; thus, a decrease in these three factors during the drought season results in an increase in WUE at this time of year. Moreover, the sensitivity of WUE to changes in incoming shortwave radiation in Table 2 is positive. Consequently, a decrease in incoming shortwave radiation during the drought season leads to diminished WUE during this period, which accounts for the negative contribution of incoming shortwave radiation. This negative contribution is counterbalanced by the positive contributions from temperature, VPD, and incoming longwave radiation, while the effect of atmospheric pressure is negligible.


TABLE 2    Sensitivities of the evaporative fraction to changes in atmospheric and biophysical factors.
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Among the biophysical factors part III in Figure 4, red bars, the mean value of the fraction of absorbed photosynthetically active radiation (fPAR) by the vegetation canopy is only 0.01 higher in the drought season than in the monsoon season (Table 1). The sensitivity of WUE to fPAR is greater (4.81) and positive, leading to a negative contribution from the increasing fPAR. Light use efficiency (LUE) in the drought season is 0.48 lower than in the monsoon season, and the sensitivity of WUE to this change is higher at 2.37, implying that the decrease in LUE during the drought season results in a reduction in WUE. Surface resistance (rs) increases in the drought season, which enhances WUE (the sensitivity of WUE to change is positive, and rs is higher in the drought season than in the monsoon season). According to Table 2, the sensitivity of WUE to aerodynamic resistance is negative, which means that a decrease in aerodynamic resistance during the drought season leads to an increase in WUE during the same period. The positive contributions from aerodynamic resistance and surface resistance together offset the negative contribution from LUE.



3.4. The mechanism of environmental factors affecting WUE

As the transition from the monsoon to the drought season occurs, the interplay between LUE, rs, and WUE becomes more prominent. The underlying mechanisms responsible for these changes involve a complex interplay of various factors rather than being controlled by a single variable. The dynamics between photosynthetic capacity and water use efficiency serve as critical components of plant adaptation to varying environmental conditions.

As shown in Figure 5, when LUE increases, it implies a higher efficiency in converting absorbed light energy into biomass, which can result in reduced rs, as the stomata tend to open more to facilitate carbon assimilation. This relationship between LUE and rs can consequently influence WUE, as higher LUE coupled with lower rs can improve the efficiency of water use in the ecosystem. Conversely, when LUE decreases, rs may increase, leading to reduced WUE. The interaction of these variables with the atmospheric and soil processes governs the overall performance of the ecosystem in terms of carbon and water cycles. Although atmospheric factors play a role in modulating WUE, it is the biophysical factors, particularly the interplay between LUE and rs, that predominantly determine the changes in WUE. In general, the influence of LUE and rs on WUE highlights the critical balance between photosynthetic capacity and water conservation strategies in response to fluctuating environmental conditions.
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FIGURE 5
The Intercomparison of the rs and LUE for (A) all time; (B) drought season; (C) monsoon season.


The attribution result of biophysical factors suggests that rs plays a central role in determining changes in WUE, which are consistent with existing theory and results from previous empirical studies (Wilson and Baldocchi, 2000; Li et al., 2013). The rubber plantation has large xylem vessels to gain competitive advantages under well-watered conditions (Isarangkool Na Ayutthaya et al., 2011); thus, the rubber plantations act as water pumps, as suggested by locals (Tan et al., 2011). Moreover, the research by Clermont-Dauphin et al. (2013) found that rubber plants’ growth was limited mainly by soil waterlogging in the monsoon season. The DZ site is located at the northern edge of tropical, with annual mean precipitation of 1504.7 mm (1255.4 mm on monsoon days), which means the rubber plantation growing areas have adequate rainfall. Given the rs is a bulk parameter and no water stress occurred, which implies that under monsoon days (1) there has enough available water for evapotranspiration (including soil moisture, intercepted water on canopy surfaces, and puddles on the ground), (2) rubber plants tends to keep their stomata open and the leaf area index (LAI) is increased, or (3) a combination of both (Wang et al., 2019).




4. Conclusion

In summary, we employ an analytical attribution method, separating and quantifying the differential impacts of concurrent and interacting changes in atmospheric and biophysical factors on water use efficiency and apply it to rubber plantation sites in the northern edge of tropics. The results suggest that biophysical factors and energy balance changes are strongly coupled with atmospheric processes during the monsoon-drought season trans. The rs is the dominant driver leading to an increase in WUE during the monsoon-drought season transition. Changes in Lin and Ta effectively increase WUE but virtually counteracted by Sin contributions. It is worth noting that light use efficiency exhibits the most significant negative contribution to the water use efficiency. Nevertheless, this adverse impact is predominantly offset by the interplay between VPD and aerodynamic resistance. These two factors work in tandem to compensate for the decrease in WUE due to the reduction in light use efficiency, thereby maintaining a balance in the overall efficiency of the system. The next challenge is incorporating the observations to constrain the representation of water and energy stress on plants in models, which would further address what actors majorly regulate the bulk surface resistance response to monsoon rainfall.
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