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Abstract

:

Rubber plantations are an economically viable land-use type that occupies large swathes of land in Southeast Asia that have undergone conversion from native forest to intensive plantation forestry. Such land-use change has a strong impact on carbon, energy, and water fluxes in ecosystems, and uncertainties exist in the modeling of future land-use change impacts on these fluxes due to the scarcity of measured data and poor representation of key biogeochemical processes. In this current modeling effort, we utilized the Community Land Model Version 5 (CLM5) to simulate a rubber plant functional type (PFT) by comparing the baseline parameter values of tropical evergreen PFT and tropical deciduous PFT with a newly developed rubber PFT (focused on the parameterization and modification of phenology and allocation processes) based on site-level observations of a rubber clone in Indonesia. We found that the baseline tropical evergreen and baseline tropical deciduous functions and parameterizations in CLM5 poorly simulate the leaf area index, carbon dynamics, and water fluxes of rubber plantations. The newly developed rubber PFT and parametrizations (CLM-rubber) showed that daylength could be used as a universal trigger for defoliation and refoliation of rubber plantations. CLM-rubber was able to predict seasonal patterns of latex yield reasonably well, despite highly variable tapping periods across Southeast Asia. Further, model comparisons indicated that CLM-rubber can simulate carbon and energy fluxes similar to the existing rubber model simulations available in the literature. Our modeling results indicate that CLM-rubber can be applied in Southeast Asia to examine variations in carbon and water fluxes for rubber plantations and assess how rubber-related land-use changes in the tropics feedback to climate through carbon and water cycling.
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1. Introduction


The widespread conversion of natural forests into woody plantation crops in tropical regions can strongly impact regional carbon budgets and water resources [1,2,3]. In Southeast Asia, one of the major drivers of such land-use change has been the demand for rubber [4,5]. Consequently, this land-use type occupies relatively large territories in Southeast Asia and the world. Although rubber trees have been cultivated for several decades [6,7], little is known about how monocultures of these trees differ from natural forests in terms of exchange of carbon dioxide and water vapor with the atmosphere. There exists limited observational data on leaf-level physiology (e.g., photosynthetic capacity, stomatal conductance) [8,9] ecosystem-scale exchanges of gases, water, and energy in rubber plantations [10,11]. Consequently, the temporal and regional variability of such properties for these ecosystems remains unknown.



Understanding carbon and water cycling processes at the site level is the first step in determining how rubber plantations’ expansion impacts carbon sequestration, ecosystem services, and other environmental variables. While data from site-level studies that utilize field-based techniques are essential for examining how carbon and water cycling processes are influenced by land-use conversion to rubber plantations [12,13], there are inherent shortcomings when extrapolating short-term site-level observations to longer temporal and larger spatial scales. Therefore, ecosystem modeling that represents a mechanistic understanding of ecosystem function and processes is often used [14]. For example, Kumagai et al. [15] developed a soil–vegetation–atmosphere transfer model for rubber plantations (SVAT-rubber). They examined how canopy structure in the model affected carbon and water fluxes in central Cambodia, while Yang et al. [16] used the Land Use Change Impact Assessment model to simulate rubber (LUCIA) and investigated how high altitudes and planting densities influenced the modeled biomass and latex yield of rubber plantations. It is worth noting that the former study considered only one site, and therefore their results could be site-specific. In contrast, the latter study did not properly simulate rubber’s canopy development.



Some statistical models have been developed to predict suitable areas for growing rubber plantations [17,18,19]. For example, Liu et al. [17] investigated the impacts of future climate change on the suitability of rubber plantations in China by utilizing five main climatic factors. Their results showed that the rubber plantation would have a trend of expansion to the north in 2041–2080. Ray et al. [19] used an ecological niche model to analyze the present and potential future distribution of rubber trees in two biogeographically distinct regions of India, i.e., the Western Ghats (WG) and Northeast (NE). Ray et al. [19] found more areas would be suitable for rubber tree plantation in the NE region, whereas further expansion would be limited in the WG region under the projected climate scenario for 2050. Using a statistical regression model (SRM), Lang et al. [20] disentangled the links between soil water content, soil texture, and mineral nitrogen in rubber plantations and assessed the impacts of land-use change on methane flux. Land surface models are also increasingly adopted to investigate the impact of land-use change on carbon and energy fluxes at various temporal and spatial scales [21,22,23]. To simulate vegetation dynamics and interactions with the soil and atmosphere, land surface models usually reduce intra- and interspecies vegetation diversity into a few plant functional types (PFTs), defined by the key physiological and morphological characteristics of specific plant groups and their essential ecological functions [24]. There are several advantages in using a land surface model to investigate terrestrial ecosystem processes and the impact of land-use change, including: (1) an examination of diurnal, seasonal, and longer-term changes in carbon, water, and energy cycling across spatial scales [25,26]; (2) the identification of crucial and sensitive model parameters [26,27]; and (3) assessing historical and future climate change impacts on natural and agroecosystem functioning [23,28].



Phenology is an important aspect of any PFT in land surface models, for it regulates the timing of leaf onset and offset [29,30], the rate of leaf litterfall [31], and associated stomata-level processes of water and carbon exchanges in response to varying environmental conditions. The phenology of rubber varies across regions, making its parameterization challenging in models applied to the global scale. The rubber tree (Hevea brasiliensis) is native to the Amazon rainforest [32] but cultivated throughout the tropics. Although native rubber is evergreen, it can turn to semideciduous (facultative deciduous) in other tropical [33] and subtropical environments [7,10]. In locations with a pronounced dry season, the leaf fall period is short, and refoliation occurs before the start of the rainy season [34]. Sustained period of reduced daylength could also trigger leaves to fall in rubber plantations [35,36]. Moreover, the leaf phenology of rubber is associated with reproduction. Empirical data show rubber trees increase their leaf litterfall rates when they allocate carbon to produce fruits [37]. This study introduces and simulates rubber utilizing an advanced land surface model, the Community Land Model version 5 [26,38]. CLM5 currently includes fourteen natural vegetation and eight crop PFTs, which allow an adequate description of the main variety of global vegetation phenology (e.g., evergreen, stress–deciduous, seasonal–deciduous, and annual single-season crops), morphology (e.g., needle-leaf and broadleaf trees, shrubs, and grasses) and physiology (C3 and C4 photosynthesis, carbon and nitrogen allocation, etc.) across different climate zones [39]. However, perennial tree crops are not yet included, even though they occupy an increasing land surface in tropical regions [4]. This is partly because of the limited data available for the parameterization of critical processes. The development of rubber as a PFT in CLM5 will help investigate how the rubber plantations respond to nitrogen fertilization rates and extreme climate events (e.g., those caused by El Nino–Southern Oscillation). Rubber PFT in CLM5 can also simulate the spatial distribution of carbon and water fluxes at regional and continental scales. Since rubber is a facultative deciduous species; that is, it is a partial deciduous species which is evergreen most of the year; it is useful to simulate rubber using baseline values of tropical evergreen PFT or tropical deciduous PFT and compare the model outputs with our newly developed rubber PFT with reference to empirical field measurements of rubber productivity and ecosystem functions.



The main objective of this current modeling effort is to develop a new rubber PFT in CLM5 (and introduce rubber-specific functions) using data from a rubber clone in Jambi, Indonesia. We synthesized the data collected in several short-term field surveys and an intensive one-year measurement campaign in smallholder rubber plantations in Jambi, Indonesia, and subsequently used these data for model calibration. We also compared our modeling results with data from previous rubber modeling studies.




2. Methods


2.1. Study Sites


The main study site used in this research is located in the lowlands of Jambi province, Sumatera, Indonesia (2° S, 103° E, 40–70 m above sea level), with site selection reflecting the fact that a relatively large part of the lowlands in Jambi province was converted to oil palm and rubber plantations in the previous two decades [6,40]. The region’s climate is tropical maritime [41], with mean annual temperature and mean annual precipitation in Jambi averaging 26.7 ± 1.0 °C and 2235 ± 385 mm, respectively [6]. The dry season usually starts in May (~130 mm per month) and lasts until September (~20 mm per month), while the rainy season is between October and April.



Measurements were performed in the Harapan landscape within the Jambi province, characterized by loam Acrisol soils [12], and sites are located about 80 km southwest of Jambi City. Within the landscape, four rubber plantations were chosen and within each plantation, a 50 m × 50 m plot was established [42]. We collated the following measured datasets from each of the four plots: total net primary productivity (NPP), leaf litterfall, latex yield, fine root biomass within top 30 cm depth, soil moisture at 5 cm depth, leaf area index (LAI), and transpiration rate. All of the data were obtained between 2012 and 2014, except for the leaf area index, which was measured at the beginning of the dry season in 2018. All of these measured data are cited in the figure captions. Additional information on vegetation characteristics such as rubber tree density, tree height, and basal area can be found in Table 2 of Kotowska et al. [42]. To expand the dataset used for model validation and evaluation beyond the focus area of Jambi province, we additionally extracted available data containing carbon and water-related variables in rubber plantations using following terms: “rubber plantations”, “tropics”, “rubber trees”, “subtropics”, “net ecosystem exchange”, “leaf area index”, “transpiration”, “evapotranspiration”, “specific leaf area”, and “rubber tree growth” from the free web search engines Google Scholar and Web of Science. Selection criteria for data inclusion were matured rubber plantations and field grown rubber trees. A spatial display of all sites used in this study is shown in Figure A1. We were able to obtain six articles corresponding to up to five different rubber plantation sites. These plantation sites were located in Indonesia, Cambodia, Thailand and China.




2.2. Model Initialization


Similar to many land surface models [43], CLM needs to be spun up to bring all soil and vegetation carbon and nitrogen pools into equilibrium [31]. Therefore, to estimate the vegetation and soil biogeochemical state before the establishment of the rubber plantation in Jambi, the model was first spun up to a preindustrial equilibrium state with a Tropical Evergreen forest PFT and continued with a 20th century transient run until 2001, using the standard procedures of CLM spin-ups [44,45]. The Tropical Evergreen PFT for the spin-up was used because it was the region’s dominant natural vegetation before the agricultural-driven land-use change. For spin-ups, we used site-level measurements of soil texture [12], the preindustrial value of CO2 concentration (284.7 ppm), and recycled the climate data of 1900–1972, extracted for the Jambi lowland from CRUNCEP data [46] for the duration of the simulations. CRUNCEP uses two types of data: one that is derived using the NCEP reanalysis at a 6 h time step and 2.5 resolution based on a climate model (that only assimilates the temperatures) and the other the monthly Climate Research Unit (CRU TS Version 4.04) climatology at 0.5 resolution.



We performed the first spin-up by running the model for 300 years in the accelerated mode, whereby the decomposition of slower cycling carbon and nitrogen pools is increased for the duration of the spin-up, and the pool sizes are modified accordingly at the end of the spin-up [28,31]. Then we ran the model for another 300 years in the normal mode to get to the ecosystem equilibrium state. We performed a transient simulation following spin-ups, where we used the CRUNCEP climate data [46] and transient CO2 across years. Since historical data on CO2 concentration and N deposition were available from 1850, the transient simulations were performed from 1850 until 2000.



Following the spin-up and 20th century simulations, a clear-cut site disturbance was implemented in the year 2001 by setting the aboveground carbon and nitrogen pools to zero. To this end, we transferred the fine root and coarse root carbon and nitrogen into the litter pools. Then a rubber plantation simulation in Jambi was performed from 2001 to 2014 using the site-level half-hourly climate data [47]. We simulated two separate rubber PFT simulations: (1) one that used baseline parameter values of tropical evergreen PFT and its corresponding functions (hereafter referred to as “AS_EVG”) and (2) the other that used baseline parameter values of tropical deciduous PFT and its corresponding functions (hereafter referred to as “AS_DEC”).



To evaluate rubber PFT simulations at other sites (those that differ in climate and soil texture from Jambi), we first obtained data from three different sites: SRC, Indonesia (4° S, 104° E; 10 m elevation); CRRI, Cambodia (11.6° N, 105° E; 57 m elevation); and Som Sanuk, Thailand (18.1° N, 103° E; 210 m elevation), and then we performed separate simulations at each site for the “AS_EVG” and “AS_DEC” types using each PFT’s baseline parameter values and their corresponding functions. To carry out these rubber PFT simulations at these additional sites, a similar protocol was used as in the case of Jambi, Indonesia. That is, we used their site-specific soil texture and CRUNCEP climate data [46] to perform spin-ups and transient simulations from the year 1850 up to the year before the clear-cut site disturbance was implemented. At that time point, a clear-cut disturbance at every site was carried out by setting the aboveground carbon and nitrogen pools to zero. As in the case of Jambi, we transferred the fine root carbon and nitrogen into fast litter pools at every site. Next, a rubber plantation simulation was performed at each site from their clear-cut year to year 2014 using the site-level half-hourly climate data. The source of the local climate data follows: the data from SRC were directly available to the authors; for the CRRI and Som Sanuk sites, the data were adapted from the repository specified in Giambelluca et al. [10].




2.3. Rubber PFT Development


For the development of the rubber PFT within CLM5, our main goal was to represent the growth characteristics of rubber trees and include a realistic representation of carbon exports via latex harvest. We modified the phenology and allocation schemes of the existing broadleaf tropical deciduous tree PFT to represent rubber’s specific leaf onset, litterfall, and harvest export of latex yield that influence carbon and water cycles.



We parameterized and calibrated the model at the Jambi site only. Some parameter values were prescribed using measurement data from Jambi, while other parameter values were obtained via model calibration, e.g., we used measured values of leaf morphological parameters such as the ratio of leaf C to leaf N (leaf CN) and specific leaf area (SLA). For model calibration, we used the specific dataset from Jambi and compared it with Jambi’s model output values. Specifically, these measured Jambi data were leaf litterfall rates, transpiration rates, leaf area index, net primary productivity, latex harvest yield, and fine root biomass. We can consider the final set of parameters (measured and calibrated) for the Jambi model simulation as “optimum parameter set values”. A list of parameters for CLM5 is provided in Table 1, which shows the default value, measured or calibrated value, and the most affected model output the parameter value impacts (the model is fitted to the corresponding observed values).




2.4. Phenology


We implemented the rubber phenology based on the standard stress deciduous phenology scheme for tropical broadleaf PFT in CLM5 [31]. We first describe the standard stress deciduous phenology scheme (see Appendix B and Appendix C) and then describe our changes in this rubber scheme (see below). The standard stress deciduous phenology scheme in CLM5 [31] is based on Dahlin et al. [30] that allows plants to shed their leaves through two different mechanisms: (i) leaf onset/offset—where this switch is triggered by sustained periods of wet or dry soil (Appendix B); (ii) a background leaf litterfall rate, which is calculated using leaf longevity (Appendix C). The background leaf litterfall rate is not associated with a specific offset period but occurs over an extended time.




2.5. Phenology Scheme for Rubber


The changes we have made in the standard stress deciduous phenology scheme for rubber are based on the following observations. Foremost, we set the leaf longevity (γleaf) of rubber trees to one year because rubber trees exhibit annual shedding of senescent leaves [50].



Secondly, the defoliation (leaf offset), also referred to as ”wintering”, is usually seen in rubber trees once they are matured, that is, once they are greater than 4 years old [50,51,52]. In the Northern Hemisphere, specifically in mainland Asia (e.g., Cambodia and Thailand), rubber plantations have been observed to be in dormancy (LAI = 0) for about three weeks in January [11]. The mechanisms for this dormancy are mixed: reduced soil moisture [11,53] or low temperatures when soil moisture had already recovered [7,54]. In the Southern Hemisphere, dormancy in rubber plantations has been observed in August [55,56]. If the soil is relatively wet and temperatures are relatively high throughout the year, then it is challenging for the model to predict leaf offset (i.e., ”predict dormancy”) as observed empirically. Our preliminary modeling analyses indicated that all of the aforementioned triggers were unable to predict the leaf offset as empirically observed. Since Yeang et al. [36] and Zhai et al. [37] suggested that decreases in daylength could also trigger leaves to fall in rubber plantations, we used daylength to trigger leaf offset. Below we present a set of four rules for the initiation of leaf offset for varying daylength (hours) values:


     leaf offset    =         D   max   < 12.5   and     d   current     ≥   D   min   + 0.011   and     d   current     ≤   D   min   + 0.04   and     d   current     ≥   d   previous         12.5 ≤   D   max   < 12.8   and     d   current     ≥   D   min   + 0.25   and     d   current     ≥   d   previous         12.8 ≤   D   max   < 13.2   and     d   current     ≥   D   min   + 0.38   and     d   current     ≥   d   previous             D   max   ≥ 13.2   and     d   current     ≥   D   min   + 0.38   and     d   current     ≤   D   min   + 0.74   and     d   current      ≥   d   previous          



(1)




where Dmax, Dmin is the maximum and minimum values of daylength at a given location, respectively, and dcurrent and dprevious are the current and previous day’s daylength value at a given location, respectively. The four rules in Equation (1) are evaluated by the logic “OR” and the values in Equation (1) are based on manual calibration. As noted above, we segregated daylength values and also constrain them so that they can be applicable at different sites in Southeast Asia. If the leaves were not in the offset period, then they were in the onset period.



Next, we increased    r  bglf     by multiplying it by 1.5 during the period when the leaf offset was initiated. The value of 1.5 was obtained by fitting the modeled leaf litterfall rates in Jambi to measured leaf litterfall rates in Jambi [34].



Finally, to avoid much longer periods of modeled leaf offset than observed, we modified the value of offset soil water potential threshold as follows:


   φ  threshold   =  {      − 2   for     rain   10   = 0   and     rain   60   ≤ 30         − 0.8       ,  



(2)




where     rain   10     is the previous 10 days of accumulated rainfall and     rain   60     is the previous 60 days of accumulated rainfall.




2.6. Allocation Scheme for Latex Harvest Yield


As in the case of phenology, we describe the standard carbon allocation scheme used in CLM5 (see Appendix D). Below we explain our assumptions for rubber to calculate latex harvest yield and also explain how we obtained the parameter value related to tapping. We assume that due to tapping, the total stem allocation would be partitioned to three pools with the following allometry for CLM-rubber,


  1 =  a 4  +      f    tap   +  f d   



(3)




where ftap is the proportion of stem allocation partitioned into latex tapping (ftap = 0.46) and fd is the allocation for deadwood (fd = 1 − a4 − ftap). We obtained the value of ftap by fitting the modeled latex harvest yield of Jambi to the measured latex harvest yield of Jambi. Thus, Equations (A10)–(A13) now change to Equations (4)–(9) as follows;


  cpool _ to _ livestemc =   CF   alloc , leaf _ tot      * a   3     * a   4   * fcur  ,  



(4)






  cpool _ to _ livestemc _ storage =   CF   alloc , leaf _ tot      * a   3     * a   4  *  (  1 − fcur  )   



(5)






  cpool _ to _ deadstemc =   CF   alloc , leaf _ tot      * a   3  *  (  1 −  a 4  −      f    tap    )   * fcur  ,  



(6)






  cpool _ to _ deadstemc _ storage =   CF   alloc , leaf _ tot      * a   3  *  (  1 −  a 4  −      f    tap    )  *  (  1 − fcur  )   



(7)







The carbon flux of the latex harvest yield is calculated as follows,


  cpool _ to _ tappingc =   CF   alloc , leaf _ tot      * a   3     * f    tap    * fcur     



(8)






  cpool _ to _ tappingc _ storage =   CF   alloc , leaf _ tot      * a   3     * f    tap   *  (  1 − fcur  )   



(9)








2.7. Tapping Period


We recognized that there was a marked difference between the tapping period for rubber plants located around the equator versus those growing at latitudes greater than 8°. Around the equator, there was no difference in rubber tapping period between the dry and wet seasons (e.g., Jambi or Sembawa)—meaning there was no resting month when no tapping occurred. In tropical regions (latitude 8–20°), where there is a distinctly dry, wet, and cool season, tapping is stopped every year in February, March, and April (dry season), allowing nine months of tapping and three months of resting period [57,58]. For tropical regions (latitude > 20°) where there is a distinctly dry, wet, and cool season, and also experiencing hail events [54], rubber trees are usually tapped from May through November [38,48]. We combined the above information and set up the scheme for prescribing the tapping period at the site as follows:


    tapping   period   =  {      all   months   for    |  latitude  |  ≤ 7 °       months   ≥ 5   or   months < 2     for   7 ° < latitude   ≤ 20 °       5 ≤ months   ≤ 11   for   latitude > 20 °        



(10)







The implication of Equation (10) is that it facilitates changes in carbon allocation patterns of rubber plantations spatially.




2.8. Model Calibration


We did not use a formal optimization method to obtain the parameter values because we lacked data from which we could ascertain ranges for all parameters. Instead, we calibrated the model by looking at different processes one at a time (mostly), which means that for every process, we made some assumptions or had some logic. First, we tried to obtain reasonable phenology (leaf area index dynamics) based on four distinct ranges of latitudes. Second, to avoid more extended periods of leaf offset at latitudes away from the equator, we reduced the default value of critical soil water potential (from −0.8 to −2 MPa). Third, the default leaf longevity was about 0.48 years, which seemed low, so we increased it to 1 year. Fourth, the allocation ratio of stem to leaf from 2.3 is reduced to 1, where we assumed rubber trees allocate carbon similarly in leaves and stems. The second, third, and fourth changes were made simultaneously, and the model was run. Model outputs were compared with measurements.



We increased the multiplier factor (from 1 to 1.5) to increase litterfall rates in the dry season. We ran the model several times here because we changed the value in increments of 0.1 and compared the model values of litterfall against measurements. Ultimately we were able to arrive at the critical value, i.e., 1.5. The other calibrated parameters, ftap, dsladlai, and medlynslope, were jointly calibrated—meaning that we manually adjusted these three parameters together. The direction of change of these parameters was determined by comparing the model and measured values of latex yield and transpiration. The model was then run, and model outputs were compared with measurements. We repeated this process several times until we arrived at their optimum values.




2.9. Rubber PFT Simulations and Evaluations


Using a clear-cut site disturbance implementation for Jambi (see above), a rubber PFT simulation in Jambi was performed for the period 2001 to 2014, where the parameters of the model (optimized parameter values; Table 1) were obtained either through field measurements or using model calibration methods [44,59]. See the rubber PFT development section for specific details about how the “optimized parameter values” of rubber were obtained. To evaluate rubber PFT simulations at other sites (SRC, CRRI, and Som Sanuk) that use the optimum parameter set values (Table 1), a rubber plantation simulation was performed for each site from their clear-cut year through the year 2014.



In this study, two different metrics were used to quantify model performance against the observed datasets. One is a model bias (MB) and the other is based on goodness-of-fit value (the R2 value) [60,61]. MB was calculated as the mean of the model observation residuals [62]:


  MB =    (    y ^  i  −  y i   )   ¯   



(11)




where    y i    and     y ^  i    are the observed and model-simulated values, respectively.



A positive bias indicates that the model overestimated the observation data. The determination of coefficient of the ideal model is close to 1 (R2 = 1 and MB = 0). If the modeled values yield an R2 value close to 1, but a large bias, we can conclude that the model captured the dynamics of the processes, but relevant parameter values still need further refinement [27]. For instances where modeled values yield a bias close to 0 with a low R2 value, we can conclude that the model does not adequately capture the dynamics of the processes [27], and in this case, a more realistic mechanism needs to be developed to improve the simulation. We present model evaluation for specific variables at individual sites when observation data are available because not every variable is measured at all the sites.




2.10. Comparing CLM-Rubber Model with Other Models


It is important to compare CLM-rubber model results with the existing model simulations from the literature. To this end, we collected data from the literature that performed modeling simulations. We found modeled data on net ecosystem exchange and latent heat flux from CRRI, Cambodia (11.6° N, 103.3° E; 57 m elevation) (SVAT-rubber model; [15]) and modeled latex harvest yield data from Neban Reserve (NR), China (22° N, 100° E; 680 m elevation) (LUCIA-rubber model; [16]). We performed CLM-rubber simulations at these two sites by essentially following a similar scheme as mentioned above and compared our results with the SVAT-rubber and LUCIA-rubber models.





3. Results


3.1. Rubber Modeled Using Alternate Tropical Forest Assumptions


At Jambi, Indonesia, when rubber was modeled as either AS_EVG or AS_DEC, both models predicted no change in seasonal leaf litterfall rates—this is contrary to the measurements (Figure 1a). AS_EVG or AS_DEC models predicted similar transpiration rates for June and August, respectively (~0.1 mm h−1; Figure 1b). Compared to the measurements, the predicted transpiration rates using either AS_EVG or AS_DEC in June and August were more than 2-fold and 3-fold, respectively (see Figure 1b). In the case of the LAI, both the AS_EVG and the AS_DEC largely overestimated the measured LAI (see Figure 1c).



When rubber was modeled using either AS_EVG or AS_DEC at the SRC site in Indonesia, both models predicted no change in seasonal LAI values or no change in seasonal leaf carbon values—these contrast the measurements (Figure 2a,b). As in the case of Jambi, the LAI predicted by either AS_EVG or AS_DEC models largely overestimated the measured LAI and could not predict declines in either LAI values or leaf carbon values as measured (Figure 2a,b).



At CRRI, Cambodia, both the AS_EVG or AS_DEC models could not predict seasonal changes in LAI (Figure 3a). In particular, both of these models could not predict the correct timing of the leaf offset (Figure 3a). Thus there was a considerable delay in the timing of defoliation and refoliation (Figure 3a). As for evapotranspiration, AS_EVG and AS_DEC models could not capture the measurements during the refoliation period (Figure 3b). Both AS_EVG and AS_DEC models predicted a similar value of CO2 uptake from the atmosphere and also predicted lower CO2 uptake compared to the field measurements (Figure 3c).



At the Som Sanuk site in Thailand, both the AS_EVG or AS_DEC models overestimated LAI and could not predict seasonal changes in LAI (Figure 4a). AS_EVG and AS_DEC models could not capture evapotranspiration measurements, especially during the refoliation period (Figure 4b). AS_EVG and AS_DEC models predicted lower CO2 uptake than the measurements (Figure 4c).




3.2. Phenology of Rubber in Jambi


Our newly developed and parameterized CLM-rubber PFT can simulate the seasonal patterns of leaf litterfall comparable to measurements in Jambi (Figure 5a), including the increase and decline of leaf litterfall during a year (Figure 5a). The magnitude of the observed transpiration values was better captured by the model in August than June (Figure 5b). For June, the model overestimated the observed transpiration mean value by 0.025 mm h−1. The value of LAI predicted by the model was slightly higher than the one-time observed value in Jambi (Figure 5c). The model predicted considerable changes in monthly LAI values (Figure 5c) in Jambi. On the annual time scale, the model slightly overestimated net primary productivity by about 8% (Figure 6a) and underestimated fine root biomass by about 10% (Figure 6c). In comparison, the model matched well with the measurements of latex yield (Figure 6b) and soil moisture (Figure 6d).




3.3. Model Evaluation at Independent Sites


In agreement with empirical observation, the model predicted the seasonal trends in LAI, leaf carbon, and latex yield in SRC, Indonesia, reasonably well (Figure 7a–c). The model had a negative bias for LAI and leaf carbon (Figure 7a,b), but these biases were relatively low. At the same site, the model explained 43% of the variability in the measured latex yield (Figure 7c), and it predicted an overestimate of latex yield of 5.12 g C m−2 yr−1 (Figure 7c).



When evaluated at the site with eddy covariance measurements in rubber plantations (CRRI, Cambodia), the model generally captured the seasonal variations and magnitude of LAI (Figure 8a; R2 = 0.53, p-value < 0.05), evapotranspiration (Figure 8b; R2 = 0.58, p-value < 0.05) and net ecosystem exchange of CO2 (Figure 8c; R2 = 0.96, p-value < 0.05). Relative to measurements, the magnitude of the LAI was overestimated more at the Som Sanuk site (Figure 9a; model bias = 0.43) than at the CRRI site (Figure 8a; model bias = −0.02). However, by looking closely at the figure plots for LAI between the sites (Figure 8a vs. Figure 9a), it may seem the opposite. That is, the modeled LAI appears to be better fitted to measurements at the Som Sanuk site than CRRI site (Figure 8a vs. Figure 9a). The reason is at the CRRI site, the modeled LAI both over predicts as well as under predicts monthly LAI values (Figure 8a) so the overall model bias is much reduced at this site. Between 10 am and 3 pm, there were larger differences between the modeled and measured net ecosystem exchange at Som Sanuk (Figure 9c) than at CRRI (Figure 8c), but the overall explanatory power of the model for the measured net ecosystem exchange at Som Sanuk and CRRI was relatively high; R2 = 0.8 at Som Sanuk (Figure 9c) and R2 = 0.96 at CRRI (Figure 8c).




3.4. Comparing CLM-Rubber Model with Other Models


At CRRI, Cambodia, CLM-rubber and SVAT-rubber models explained a similar amount of variation in measured diel net ecosystem exchange (Figure 10a) and measured diel latent heat fluxes (Figure 10b). Still, the explanatory power of the CLM-rubber was slightly better than the SVAT-rubber. SVAT-rubber predicted a considerable amount of temporal variability—both for net ecosystem exchange and latent heat flux (Figure 10a,b). At Neban reserve, China, CLM-rubber performed similar to the LUCIA-rubber by capturing the seasonality and magnitudes of the latex harvest yield values (Figure 10c).





4. Discussion


Our modeling efforts aimed to simulate the phenology, allocation, and latex yield of rubber plantations from Southeast Asia using CLM5. We show that the newly developed rubber PFT and related parametrization outperforms the baseline parametrization of tropical evergreen or the baseline tropical deciduous PFTs in CLM5 for simulating the leaf area index, carbon, and water fluxes of rubber plantations. Our modeling work shows that daylength can be used as a universal trigger for defoliation and refoliation of rubber plantations. Our model can predict reasonable seasonal patterns of latex yield despite highly variable tapping periods across Southeast Asia. Finally, we show that CLM-rubber performs similar in simulating carbon and energy fluxes to the existing rubber model simulations available in the literature.



4.1. Tropical Evergreen and Deciduous Simulations


For rubber plantations growing at latitudes lower than 8°, the model that used baseline tropical evergreen or the baseline tropical deciduous functions and parameterization could not predict the seasonality of litterfall because the rate coefficient for background litterfall was invariant over the seasons. The seasonality of LAI and leaf carbon by both forest types models were also not properly simulated at these sites because the modeled soil water was not low enough to trigger the leaf offset. The magnitudes of LAI and leaf carbon were also primarily overestimated. The likely reasons include parameters related to photosynthesis, e.g., stomatal conductance and parameters related to plant growth, such as specific leaf area [28]. Additionally, how fast specific leaf area changes relative to the change in leaf area index and how much carbon is allocated to different tissues, such as the ratio of stem: leaf [31], can attribute to overestimation of LAI and leaf carbon.



For rubber plantations growing at latitudes greater than 8°, the model that used baseline tropical evergreen or the baseline tropical deciduous functions and parameterization could not predict the proper seasonality of LAI. However, the model that used baseline tropical deciduous functions and parameterizations was better in predicting the seasonal patterns of LAI than the model that used baseline tropical evergreen functions and parameterization. The reason for this discrepancy is that former model was able to trigger leaf offset as the modeled soil water reached low values; however, the timing and the duration of the leaf offset were not accurate. In the growing season, sometimes both models predicted reduced LAI, and this result was due to low irradiance, as rainfall was high during this period in both model simulations.




4.2. Daylength, Carbon, and Water Fluxes


We demonstrated in this study that increasing the background litterfall rate enables modeling of the seasonal cycle of leaf litterfall rates in Jambi, Indonesia. The observed seasonality of leaf litterfall could be controlled by a combination of climatic factors or soil conditions. Our model predicted the peak of the monthly leaf litterfall rate at Neban reserve, China, as February, and this modeled result is in agreement with a rubber plantation in China [38], where January is typically the coldest month, and leaf shedding occurs after the coldest month [38]. These results indicate that CLM-rubber will predict reasonably well the seasonality of leaf litterfall of rubber plantations across Southeast Asia.



Our modeling work shows that daylength can be sufficient to represent regional heterogeneity for both the leaf offset and leaf onset of rubber plantations. Daylength works not only for sites with a pronounced dry season [10], but also for sites in Indonesia where soil moisture may never drop to a critical level. Since rubber plantations are facultative deciduous or semideciduous, we are confident that daylength, as implemented in our study, can be directly used for simulating phenological cycles for other facultative deciduous ecosystems (semideciduous) from Southeast Asia that are managed, such as teak plantations [66] and cocoa plantations [67]. Additionally, daylength can also be implemented in CLM5 to potentially improve simulations of unmanaged ecosystems such as semievergreen natural forests in Thailand [68].



The magnitude of the monthly latex yield simulated by CLM-rubber matched quite well with the observations at the independent sites: the SRC site (Indonesia) and at the Neban reserve site (China). This was an unexpected result because we did not consider tapping frequency in the model. We are aware that tapping frequency generally varies among plantations—two tapping days and one resting day or one tapping day and two resting days [10]; in the model, we assumed that the proportion of tapping assimilate allocation is constant.



The relatively high R2 values of modeled evapotranspiration rates at the evaluation sites suggest that the model captured the dynamics of processes. Overall, CLM-rubber was able to capture the average trend of carbon and water fluxes of various rubber plantations (R2~0.73, p-value < 0.05), which meets the general purpose for representing a PFT in a land surface scheme.




4.3. Intermodel Comparisons


We compared the simulations of CLM-rubber with simulations of SVAT-rubber and LUCIA-rubber. We also evaluated these models against field observations at the CRRI and Neban sites. CLM-rubber successfully captured the trend of net ecosystem exchange and latent heat flux at the CRRI site because it has the improved seasonal cycle of leaf onset/offset. SVAT-rubber better captured the magnitude of these fluxes (at times) compared to CLM-rubber because it was initialized by prescribing the initial value of LAI as 3.89 m2 m−2 [15], which is almost the peak value of measured LAI for rubber plantations.



CLM-rubber captured the seasonality of latex yield at Neban reserve because CLM-rubber was able to allocate carbon to different tissues properly, and it also predicted the proper leaf shedding period. On the other hand, LUCIA-rubber predicted delayed leaf flushing (shown to be up to a 2 month delay) and subsequently underestimated latex yield [16]. Our model comparisons indicate that CLM-rubber generally performs similar to the other two models—this highlights that the modeling efforts for rubber in CLM are viable and valuable.





5. Conclusions


The overarching objective of this study was to simulate leaf area index and carbon and water fluxes of rubber plantations from Southeast Asia using CLM5. We found that the baseline tropical evergreen or the baseline tropical deciduous functions and parameterization that are commonly used for carbon and water flux parameterization in region models cannot be directly used to simulate the leaf area index and carbon and water fluxes of rubber plantations. By using daylength as a trigger for both defoliation and refoliation, prescribing tapping period, and using appropriate parameterization, the developed model (CLM-rubber) was capable of capturing the magnitude and seasonality of carbon and water fluxes at different sites in Southeast Asia. These findings suggest that CLM-rubber could be applied to the Southeast Asian region to examine the spatiotemporal variations in carbon and water fluxes for rubber plantations under climate change and estimate the impact of land-use change driven by rubber expansion on the regional carbon balance and water resources, and the impact of potential feedbacks to climate.
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Figure A1. The spatial location of the five Southeast Asian sites indicated by blue points. The model was either developed or evaluated at these sites. 
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Appendix B. Leaf Onset/Offset Parameterization


For the standard stress deciduous phenology, leaf onset is determined by soil wetness. At the end of the previous offset period, an accumulated soil water index (SWI) is set to zero, and accumulation is calculated as


    SWI  n  =  {        SWI   n − 1   +  f  day     for    φ    soil  3    ≥  φ  threshold           SWI   n − 1     for    φ    soil  3    <  φ  threshold          



(A1)




where n and n − 1 refer to the values in the previous and current time steps,    φ    soil  3      is the soil water potential (MPa) in the third soil layer (6.23–9.06 cm),    φ  threshold     is −0.8 MPa, and fday is a time step (30 min in CLM5) as a fraction of a day. Onset is triggered when SWI exceeds 15 days [39]. Onset is also triggered when the daylength is greater than 6 h, or when the accumulated number of growing-degree-days (which is based on the soil temperature) exceeds a threshold value.



The offset soil wetness index (OSWI) begins accumulating time steps once the previous leaf onset phase is complete. The algorithm differs slightly from the onset trigger in that OSWI can increase or decrease, as described below:


    OSWI  n  =  {        OSWI   n − 1   +  f  day     for    φ    soil  3    ≤  φ  threshold         max (   OSWI   n − 1   −  f   day      ,   0 )   for    φ    soil  3    >  φ  threshold         ,  



(A2)




where    φ  threshold     is −0.8 MPa, and leaf offset is triggered when OSWI equals 15 days. Offset is also triggered when the daylength is shorter than 6 hours, or when there is a sustained period of cold temperatures.




Appendix C. Background Leaf Litterfall


The background leaf litterfall rate occurs at a slow rate over an extended period of time. The offset period litterfall or the background litterfall mechanism may be active, but not both at once. When plant stresses occur less frequently than once per year, leaf offsets are not met for one year or longer. This condition is evaluated by tracking the number of days since the beginning of the most recent onset period (   n  days _ active    , d). At the end of an offset period,    n  days _ active     is reset to 0. A long growing season control variable (LGS, range 0 to 1) is calculated as:


  LGS =  {        0               for    n  days _ active   < 365        (   n  days _ active   / 365  )  − 1         for   365 ≤  n  days _ active   < 730       1               for    n  days _ active   ≥ 730       .  



(A3)







The rate coefficient for background litterfall (rbglf, s−1) is calculated as a function of LGS:


   r  bglf   =   LGS    γ  leaf · 365 · 86,400      



(A4)




where    γ  leaf     is the leaf longevity. The result is a shift to continuous litterfall as    n  days _ active     increases from 365 to 730. When a new offset period is triggered    r  bglf     is set to 0. The offset period (complete defoliation) litterfall carbon fluxes of the leaf (    CF   leaf , litter   ,    gC   m    − 2    s  − 1    ) is calculated as follows:


    CF   leaf , litter   =  (    CS   leaf   / Δ t  )  +   CF   alloc , leaf _ tot    



(A5)




where     CS   leaf     (     gC   m    − 2    ) is the leaf carbon from the storage pool,   Δ t   is the time step (s), and     CF   alloc , leaf _ tot      (    gCm   − 2    s  − 1    ) is the total allocation to a new leaf. When there is only background litterfall, given a specification of the background litterfall rate (rbglf, s−1), then litterfall carbon fluxes of the leaf are calculated as


    CF   leaf , litter   =  r  bglf     CS   leaf    



(A6)








Appendix D. Allocation


Latex harvest yield for rubber is based on modifying the carbon allocation scheme in CLM5 (Lawrence et al., 2019). As is the case of the phenology scheme, we first describe the standard carbon allocation scheme and then describe the changes we made in this scheme for rubber. CLM5 calculates carbon allocated to new growth, based on five allometric parameters that relate allocation between tissue types [69]: (1) ratio of new fine roots to new leaf carbon allocation (a1); (2) ratio of new coarse roots to new stem carbon allocation (a2); (3) wood allocation, the ratio of new stems to new leaf carbon allocation (a3); (4) ratio of new live wood to new total wood allocation (a4); and (5) ratio of growth respiration carbon to new growth carbon (g1). Most of these allometric parameters are constants for natural PFTs in CLM5 (e.g., a1 = 1, a2 = 0.3, a3 = 2.3, a4 = 0.1, and g1 = 0.3 for the broadleaf deciduous tropical PFT). For natural woody PFTs, the parameter a4 is used to partition total stem allocation to livewood and deadwood pools.



Given the above allocation parameters (a1, a2, a3, a4, and g1), the total carbon allocation to new growth    (    CF   alloc   ,      gC   m    − 2    s  − 1    )    can be expressed as a function of new leaf carbon allocation    (    CF   GPP , leaf   ,      gC   m    − 2    s  − 1    )   :


    CF   alloc   =   CF   GPP , leaf    C  allom ,    



(A7)




where Callom is the carbon allocation allometry [70], which is defined as follows:


   C  allom   =  (  1 +  g 1   )   (  1 +  a 1  +  a 3   (  1 +  a 2   )   )   



(A8)







Total allocation to new leaf carbon    (    CF   alloc , leaf _ tot   ,    gC   m    − 2    s  − 1    )    is calculated as:


    CF   alloc , leaf _ tot   =     CF   alloc      C  allom      



(A9)







In CLM5, we note that for all deciduous PFTs, there is a fraction of allocation that goes into the growth pool (fcur), which is currently set to 0 (unitless) and the remainder (1- fcur) goes to the storage pool. Subsequently, the deciduous phenology module either uses the onset growth function or a background growth transfer rate (bgtr; outside of onset period) to move storage carbon to displayed growth pools. There are two carbon pools associated with each plant tissue in CLM5: (1) growth and (2) storage. The carbon pools that represent growth include carbon in leaf (leafc), carbon in fine roots (frootc), carbon in live stem (livestemc), carbon in dead stem (deadstemc), carbon in live coarse roots (livecrootc), and carbon in dead coarse roots (deadcrootc). The carbon pools that represent storage have a suffix “_storage” and include leafc_storage, frootc_storage, livestemc_storage, deadstemc_storage, livecrootc_storage, and deadcrootc_storage terms. In CLM5, the carbon allocation fluxes have a prefix “cpool_to_”.



For CLM5, we show below some key carbon allocation fluxes for the livestem and deadstem pools. Given     CF   alloc , leaf _ tot    , and fcur, the allocation fluxes of carbon to growth and storage pools for the various tissue types can be calculated as follows:


  cpool _ to _ livestemc =   CF   alloc , leaf _ tot      · a   3     · a   4   · fcur  ,    



(A10)






  cpool _ to _ livestemc _ storage =   CF   alloc , leaf _ tot      · a   3     · a   4  ·  (  1 − fcur  )   



(A11)






    cpool     to   deadstemc     =   CF   alloc ,   leaf   tot        · a   3  ·  (  1 −  a 4   )   · fcur  ,  



(A12)






  cpool _ to _ deadstemc _ storage =   CF   alloc , leaf _ tot      · a   3  ·  (  1 −  a 4   )  ·  (  1 − fcur  )   



(A13)







The nitrogen pools follow the stoichiometric relationship with carbon pools. More details can be found in Lawrence et al. [31].
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Figure 1. Seasonal trends of leaf litterfall (a) of rubber plants simulated by CLM (modeled using standard tropical evergreen parameters or standard tropical deciduous parameters) and measured values (bars are standard errors (n = 4 plots) during the mature phase of growth of smallholder rubber plantations in Jambi, Indonesia. Measured (bars indicate the standard errors) and CLM simulated monthly transpiration rates of June and August (b), and monthly values of leaf area index (c) (simulated by CLM (black line), measured values (open circles)) of rubber plantation in Jambi, Indonesia, are also shown. The measured data are taken from published studies [34,63,64]. 
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Figure 2. Measured (open circles, bars are standard errors) and CLM simulated (gray line, modeled using standard tropical evergreen parameters; black line, modeled using standard tropical deciduous parameters) leaf area index (a) and leaf carbon (b) of smallholder rubber plantations in 2013 in SRC, Indonesia. The measured data are taken from a published study [55]. 
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Figure 3. Monthly values of leaf area index (a) and evapotranspiration (b) of rubber plantations simulated by CLM (gray line, modeled using standard tropical evergreen parameters; black line, modeled using standard tropical deciduous parameters) and measured values (open circles; bars indicate the standard errors) during the mature phase of growth of rubber. Diel variations of net ecosystem exchange (c) of rubber plantations simulated by CLM (gray line, modeled using standard tropical evergreen parameters; black line, modeled using standard tropical deciduous parameters) and measured values (dashed lines) in CRRI, Cambodia in 2011 are also shown. All of the measured data are taken from published studies [10,15]. 
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Figure 4. Monthly values of leaf area index (a) and evapotranspiration (b) of rubber plantations simulated by CLM (gray line; modeled using standard tropical evergreen parameters; black line, modeled using standard tropical deciduous parameters) and measured values (open circles; bars indicate the standard errors) during the mature phase of growth of rubber. Diel variations of net ecosystem exchange (c) of rubber plantations simulated by CLM (gray line, modeled using standard tropical evergreen parameters; black line, modeled using standard tropical deciduous parameters) and measured values (dashed lines) in Som Sanuk, Thailand, in 2009 are also shown. All of the measured data are taken from published studies [10] except for net ecosystem exchange, which is digitized from a leaflet (https://lcluc.umd.edu/sites/default/files/lcluc_documents/Fox_1.pdf, accessed on 12 December 2021). 
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Figure 5. Seasonal trends of leaf litterfall (a) of rubber plants simulated by CLM-rubber (modeled using rubber parameters) and measured values (bars are standard errors (n = 4 plots)) during the mature phase of growth of smallholder rubber plantations in Jambi, Indonesia. Measured (bars indicate the standard errors) and CLM-rubber simulated monthly transpiration rates of June and August (b), and monthly values of leaf area index (c) (simulated by CLM-rubber (black line), measured values (open circles)) of rubber plantation in Jambi, Indonesia, are also shown. Values of model bias and goodness-of-fit are specified as MB and R2, respectively. The measured data are taken from published studies [34,63,64]. 
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Figure 6. Measured (bars are standard error, n = 4 plots) and CLM-rubber (modeled using rubber parameters) net primary productivity (a), latex yield (b), fine root biomass (c), and soil moisture in the top 5 cm soil depth (d) of smallholder rubber plantations in 2013 in Jambi, Indonesia. The measured data are taken from published studies [42,65]. 
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Figure 7. Monthly values of leaf area index (a), leaf carbon (b), and latex yield (c) of rubber plantations simulated by CLM-rubber (black line) and measured values (open circles) during the mature phase of growth of rubber plantation in SRC, Indonesia. Values of model bias and goodness-of-fit are specified as MB and R2, respectively. The measured data are taken from published studies [14,55]. 
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Figure 8. Monthly values of leaf area index (a) and evapotranspiration (b) of rubber plantations simulated by CLM-rubber (solid lines) and measured values (open circles; bars indicate the standard errors) during the mature phase of growth of rubber. Diel variations of net ecosystem exchange (c) of rubber plantations simulated by CLM-rubber (solid lines) and measured values (dashed lines) in CRRI, Cambodia, in 2011 are also shown. Values of model bias and goodness-of-fit are specified as MB and R2, respectively. All of the measured data are taken from published studies [10,15]. 
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Figure 9. Monthly values of leaf area index (a) and evapotranspiration (b) of rubber plantations simulated by CLM-rubber (solid lines) and measured values (open circles; bars indicate the standard errors) during the mature phase of growth of rubber. Diel variations of net ecosystem exchange (c) of rubber plantations simulated by CLM-rubber (solid lines) and measured values (dashed lines) in Som Sanuk, Thailand, in 2009 are also shown. Values of model bias and goodness-of-fit are specified as MB and R2, respectively. All of the measured data are taken from published studies [10] except for NEE, which is digitized from a leaflet (https://lcluc.umd.edu/sites/default/files/lcluc_documents/Fox_1.pdf, accessed on 5 March 2019). 






Figure 9. Monthly values of leaf area index (a) and evapotranspiration (b) of rubber plantations simulated by CLM-rubber (solid lines) and measured values (open circles; bars indicate the standard errors) during the mature phase of growth of rubber. Diel variations of net ecosystem exchange (c) of rubber plantations simulated by CLM-rubber (solid lines) and measured values (dashed lines) in Som Sanuk, Thailand, in 2009 are also shown. Values of model bias and goodness-of-fit are specified as MB and R2, respectively. All of the measured data are taken from published studies [10] except for NEE, which is digitized from a leaflet (https://lcluc.umd.edu/sites/default/files/lcluc_documents/Fox_1.pdf, accessed on 5 March 2019).



[image: Land 11 00183 g009]







[image: Land 11 00183 g010 550] 





Figure 10. Diel variations of net ecosystem exchange (a) and latent heat flux (b) of rubber plantations simulated by CLM-rubber (solid black line) and SVAT-rubber (solid blue line), and measured values (dashed line) in CRRI, Cambodia, in 2011. Values of goodness-of-fit for CLM-rubber, SVAT-rubber, and LUCIA-rubber are specified as R2CLM-rubber, R2SVAT-rubber, and R2LUCIA-rubber, respectively. Monthly values of latex harvest yield (c) of rubber plantations simulated by CLM-rubber (solid black line) and LUCIA-rubber (solid blue line), and measured values (open circles) in NR, China, between 2009 and 2010. All of the measured data are taken from published studies [10,15,16]. 
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Table 1. Parameter values for tropical deciduous PFT (default/baseline values) and rubber PFT. The parameterized values are either the measured values taken from literature [14,16,34,41,48,49] or calibrated value.
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	Parameter
	Definition
	Unit
	Default/

Baseline

Value
	Rubber Parameter Value
	Parameter

Type
	Modeled Outcomes the Parameter Value Impacts





	SWPc
	Critical soil water potential (SWP)
	MPa
	−0.8
	−2 or −0.8
	calibrated value
	
	-

	
Phenology, leaf offset




	-

	
Leaf litterfall rates









	rho
	Factor that multiplies the rate coefficient for background litterfall
	unitless
	1
	1.5
	calibrated value
	
	-

	
Phenology, leaf offset




	-

	
Leaf litterfall rates









	ftap
	Proportion of latex tapping for wood allocation partitioning
	unitless
	−
	0.46
	calibrated value
	
	-

	
C and N allocation




	-

	
Net primary productivity, yield









	SLA
	Specific leaf area
	m2 g−1C
	0.0308
	0.026
	measured value from

literature
	
	-

	
Net primary productivity




	-

	
Yield









	Leaf

longevity
	Life of leaf
	years
	0.483
	1
	calibrated value
	
	-

	
Net primary productivity




	-

	
Yield









	Stem: leaf
	Ratio of stem C to leaf C
	unitless
	2.3
	1
	calibrated value
	
	-

	
C and N allocation




	-

	
Net primary productivity, leaf and stem biomass









	leafcn
	Leaf C: N
	g C g−1 N
	23.45
	14.7
	measured value from

literature
	
	-

	
C and N allocation




	-

	
Net primary productivity









	leafcn_max
	Maximum leaf CN ratio
	g C g−1 N
	35
	25.3
	measured value from

literature
	
	-

	
C and N allocation




	-

	
Net primary productivity









	leafcn_min
	Minimum leaf CN ratio
	g C g−1 N
	15
	10.5
	measured value from

literature
	
	-

	
C and N allocation




	-

	
Net primary productivity









	dsladlai
	Change is specific leaf area per unit change in leaf are index
	m2 g−1 C
	0.0027
	0.0012
	calibrated value
	
	-

	
Leaf area index




	-

	
Net primary productivity









	medlynslope
	Medlyn slope of conductance–photosynthesis relationship
	µmol H2O µmol−1 CO2
	4.45
	3.56
	calibrated value
	
	-

	
Transpiration




	-

	
Photosynthesis
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