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Abstract

:

Amazonia is the world largest tropical forest, playing a key role in the global carbon cycle. Thus, understanding climate controls of photosynthetic activity in this region is critical. The establishment of the relationship between photosynthetic activity and climate has been controversial when based on conventional remote sensing-derived indices. Here, we use nine years of solar-induced chlorophyll fluorescence (ChlF) data from the Global Ozone Monitoring Experiment (GOME-2) sensor, as a direct proxy for photosynthesis, to assess the seasonal response of photosynthetic activity to solar radiation and precipitation in Amazonia. Our results suggest that 76% of photosynthesis seasonality in Amazonia is explained by seasonal variations of solar radiation. However, 13% of these forests are limited by precipitation. The combination of both radiation and precipitation drives photosynthesis in the remaining 11% of the area. Photosynthesis tends to rise only after radiation increases in 61% of the forests. Furthermore, photosynthesis peaks in the wet season in about 58% of the Amazon forest. We found that a threshold of ≈1943 mm per year can be defined as a limit for precipitation phenological dependence. With the potential increase in the frequency and intensity of extreme droughts, forests that have the photosynthetic process currently associated with radiation seasonality may shift towards a more water-limited system.
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1. Introduction


The vulnerability of Amazonian forests to climate change depends on the physiological responses of plants to changes in the climate system. Because of Amazonia’s continental extent any small climate-induced changes on the functioning of this ecosystem may promote significant perturbations in the global carbon cycle [1,2,3]. Photosynthesis is the primary process linking the climate system with the biosphere [4]. Quantifying photosynthesis across Amazonia, the world largest tropical forest, hence, is fundamentally important for the global carbon cycle. This biome contributes up to 14% of all carbon fixed by photosynthesis in the terrestrial biosphere [5]. However, current formulations of Earth System Models (ESM) are unable to correctly capture the direction of seasonal changes in Amazonian photosynthesis as observed by flux tower data [6,7], which shows, contrarily to models, a steady increase in photosynthesis starting in the dry season.



Satellite remote sensing information associated with the Enhanced Vegetation Index (EVI), derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, which correlates with chlorophyll content and photosynthetic activity [8,9], coherently tracks seasonal changes in tower-based photosynthesis measurements and canopy phenology [9,10,11,12,13,14,15,16,17,18]. Results based on the analysis of EVI show that the seasonality of photosynthesis in Amazonia is strongly linked to temporal fluctuations of radiation and precipitation [15,16,19,20]. More specifically, satellite observations demonstrate that photosynthetic activity tends to raise following radiation increases during the dry season across Amazonia [9,10,11,12,13,14,15,16,19,20,21]. This process is explained by the occurrence of new leaf flushing triggered by increased radiation availability during the dry season [7,10,12,18]. New leaves are more light-use efficient than old senescent leaves. This process occurs where forests are not limited by water, because their water demands can be supplied during the dry season by the redistributed subsurface water of the wet season [19]. However, in southern Amazonia, where water availability constrains leaf phenology, this process is not observed, with photosynthesis declining during the dry season in these areas [19,20].



Although EVI is commonly applied as a proxy for the photosynthetic capacity of vegetation in Amazonia [10,16,19,21], the biophysical interpretation of this index has been controversial [17]. Previous studies have questioned the observed greening during the dry season in Amazonia, suggesting that the observed patterns can be related to artifacts in the EVI data [22,23] or changes in forest structure [24]. However, the recent use of MODIS products, fully corrected for removing atmospheric and radiometric artifacts [25], provide solid evidence about the climate controls of phenology and photosynthesis seasonality [15,16,19,20]. Remote sensing data, therefore, provide potentially powerful observations of whole system patterns that can be used to mechanistically test forest-climate interactions.



Recently, a new dataset on fluorescence of chlorophyll (ChlF) has been used to study photosynthesis in Amazonia [19,26,27,28,29,30,31]. This data offers a more direct measure of photosynthetic activity. Unlike vegetation indices, which are indirect estimates of the vegetation status, the ChlF consists of a measurable and dimensional variable [32]. ChlF is the portion of radiation, with wavelengths between 650 and 800 nm, re-emitted by plants after energy absorption, and can be obtained by passive remote sensing [33,34,35,36,37,38,39,40,41]. One critical limitation of space-borne estimates of ChlF is the relatively low spatial resolution required for retrieving this variable. The Global Ozone Monitoring Experiment-2 (GOME-2) instrument has a spatial resolution of approximately 40 km × 40 km at nadir, for example. Therefore, clouds and aerosols tend to be present in almost every observation, being an important source of uncertainty. However, screening for cloud contamination is routinely applied in the processing stages of these products [39]. Moreover, the rate of ChlF varies depending on the time of day and directional effects. The study from [40] indicates that the highest production rate of ChlF (ratio between the ChlF observed flux and the incident photosynthetically active radiation (PAR)) occurs in the first hours of the morning. However, this signal is too low to be detected by orbital sensors. This fact makes the midmorning time the most adequate time for detecting ChlF by orbital remote sensing. The orientation of leaves, angle of light incidence, multiple scattering and absorption effects at the canopy level also impact the retrieval of ChlF [42]. Non-photochemical quenching (NPQs) is another process that directly affects ChlF production. The plants increase the quenching by non-photochemical quenching and slow down photosynthesis and fluorescence emission when exposed to water stress or unfavorable temperatures [43].



Ref. [38] provides a literature overview of the primary techniques used for retrieving ChlF. More recent and complex techniques, however, can be found in the studies of [33,34,36,41,44]. Photosynthetic activity in Amazonia has been analyzed through ChlF by using GOME-2 [19,26,27]—onboard the Meteorological Operational satellite program (METOP-A) and the Thermal and Near Infrared Sensor for Carbon Observation Fourier-Transform Spectrometer (TANSO-FTS)—onboard the Japanese Greenhouse Gases Observing Satellite (GOSAT) [28,29,30] sensors. However, there are no spatially explicit studies so far, demonstrating how ChlF seasonality correlates with the monthly variation of precipitation and radiation in Amazonia.



The primary aim of this paper was to analyze the dependence of photosynthesis seasonality on climate in Amazonia, using a new remote sensing dataset, ChlF from GOME-2, which is independent of vegetation indices commonly used to study photosynthetic activity. Therefore, in this study we aim to answer three research questions: (i) How does photosynthesis vary as a function of climate seasonality? (ii) What is the association between climate-drivers of photosynthesis seasonality and the spatial gradient of mean annual precipitation? (iii) When is the peak of maximum photosynthesis activity in Amazonia? To elucidate these questions, monthly ChlF data from the GOME-2 sensor [41] was analyzed in conjunction with remote sensing based precipitation data, derived from the Tropical Rainfall Measuring Mission (TRMM) [45] and surface incident shortwave radiation, derived from the Global Land Data Assimilation System (GLDAS) [46].




2. Materials and Methods


2.1. Chlorophyll Fluorescence (ChlF) Data


The study area was located between latitudes 10°N to 15°S and longitudes 80°W to 40°W, including the whole area covered by the Amazon biome. We used monthly time series of ChlF from the GOME2_F product level 3 (unit: mW/m2/sr/nm), version 26 (V26) [41] between 2007 and 2015. ChlF data are produced using channel 4 of the GOME-2 sensor (590–790 nm), with a spatial resolution of 0.5° [41]. The seasonal component of the ChlF data (ChlF-S) was extracted from the GOME2_F time series by the Breaks in Additive Season and Trend (BFAST) algorithm. This algorithm is based on the iterative decomposition of time-series data [47], excluding noise and outliers and extracting the tendency of the time series (Supplementary Material). Pixels with no information were represented as No Data, and were replaced by the average of a 3 × 3 window centered in the pixel with No Data. No Data values occur only in 2015 in the GOME2_F product and represent less than 0.001% of the study area. A harmonic seasonal model was used to fit the seasonal component [47] with a frequency equal to 12, due to the monthly resolution of the data. The seasonal component varies between −1 and 1. These values indicate how monthly ChlF varies within the years, what can be used to obtain the months when the maximum peaks of ChlF occur (Figure S1). To assess the uncertainty due to data availability, we quantified the number of observations per month per pixel, from the GOME2_F product and calculated mean annual observations for the time series.




2.2. Vegetation Land Mask and Vegetation Types


We used the treecover2000 and the Global Forest Cover Loss from 2000 to 2014 products to define the forest regions in the study area, both obtained from the Global Forest Change Project 2000–2014–GFCP [48]. The treecover2000 product represents the tree canopy cover for year 2000–varying from 0 to 100%. The Global Forest Cover Loss product available from 2000 to 2014 represents the deforested areas between 2000 and 2014. Both treecover2000 and Global Forest Cover Loss products have a spatial resolution of 30 m.



We also obtained a map of vegetation types from the Global Land Cover 2000 (Supplementary Material). Two major types of vegetation were observed in the study area: evergreen tropical forests and semi deciduous transition forests. The remaining types (agricultural areas, urbanization, etc.) were excluded. The vegetation types map is presented in the Figure S2.




2.3. Climate Data


Monthly precipitation data (mm∙month−1) for the 2007–2015 period was obtained from the TRMM-3B43V7 product [45] at a spatial resolution of 0.25°. Additionally, data from 12 rain gauge stations of the Brazilian National Institute of Meteorology (INMET) were used for assessing the quality of TRMM data. We applied a Pearson correlation analysis for quantifying the covariance between the rain gauges and satellite precipitation data (Supplementary Materials). The results of the comparison between TRMM data and ground stations indicate that TRMM captures 95% of the rainfall variability measured by the rain gauges (Supplementary Materials).



Radiation data were obtained from GLDAS reanalysis products [46]. The GLDAS product used in this paper corresponds to monthly surface incident shortwave radiation (W∙m−2)-Version 1, which has a spatial resolution of 0.25° and is generated with the Noah Land Surface Model [49]. A monthly annual mean over the 2007–2015 period was obtained for both climate variables (Supplementary Material). We used maximum monthly temperatures from ground stations of INMET as a proxy for the shortwave radiation for assessing the quality of GLDAS data. A Pearson correlation analysis was employed for quantifying the covariance between ground maximum temperature and GLDAS radiation data (Supplementary Material). The results indicate that GLDAS captures 72% of the maximum monthly temperatures variability measured by the ground stations.




2.4. Data Preparation


The treecover2000 was integrated with the Global Forest Cover Loss product [48], for excluding the deforested areas between 2000–2014. Then, climate and tree cover datasets were resampled by calculating their averages for a 0.5° × 0.5° grid, which corresponds to the original spatial resolution of the GOME2_F data. Mean Annual Precipitation–MAP (Figure S3) and Mean Monthly Precipitation–MMP were obtained by averaging the values of the resampled TRMM-3B43V7 product for each year and month, respectively, between 2007–2015. In order to analyze the relationship between the maximum photosynthesis and the dry season periods in the Amazon forest, we define the period of the dry season as a month with precipitation below 100 mm. This approximation is based on ground-based mean evapotranspiration values collected over the Amazon [50,51,52]. Also, the annual mean dry season length was obtained for each pixel (Figure S5). Finally, the treecover2000 was applied to all datasets. Pixels in all datasets that correspond to a tree cover below 70% in the treecover2000 product were excluded from the analysis. The threshold of 70% for the tree canopy cover was defined due to the gross spatial resolution of the GOME2_F product, as it usually encompasses non-forest areas within the pixels.




2.5. Model Application


For a pixel i, a number of pixels n and a month t, ChlF seasonality—S (ChlF)—was modeled using a linear regression framework as:


   S    (  ChlF  )    t = 1 : 12 , i     ~    α  0 , i     +  α  1 , i     ×   R a  d  t = 1 : 12 , i     +    α  2 , i     ×   P r  e  t = 1 : 12 , i     +    ε i    
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where:




	
    α 0     = Intercept of the regression.



	
    α 1     = Radiation coefficient.



	
    α 2     = Precipitation coefficient.



	
    ε i     = Residual of the model.



	
   R a d    = Radiation data.



	
   P r e    = Precipitation data.








For each pixel i (Equation (1)), the coefficient of determination (R2) was computed. Also, we performed the linear relationship between each predictor and ChlF. This correlation was obtained by applying a reduced model, where one of the predictors is omitted. Radiation driven and precipitation-limited areas were obtained by analyzing the R2 of the reduced model. In Equation (2) the reduced model for obtaining the R2 of the linear relationship between radiation and ChlF was applied by omitting the precipitation coefficient:


   S  (  ChlF  )   r  t = 1 : 12 , i     ~    α  r 0 , i     +  α  r 1 , i     ×   R a  d  t = 1 : 12 , i     +    ε i    



(2)




where:




	
    α  r 0      = Intercept of the linear relationship between radiation and ChlF.



	
    α  r 1      = Radiation coefficient of the linear relationship between radiation and ChlF.








In the same way, the reduced model for obtaining R2 from the linear model between precipitation and ChlF was obtained by omitting the radiation coefficient:


   S  (  ChlF  )   p  t = 1 : 12 , i     ~    α  p 0 , i     +  α  p 1 , i     ×   P r  e  t = 1 : 12 , i     +    ε i    



(3)




where:




	
    α  p 0      = Intercept of the linear relationship between precipitation and ChlF.



	
    α  p 1      = Precipitation coefficient of the linear relationship between precipitation and ChlF.








The coefficients of the model for each pixel were estimated by minimizing a negative log-likelihood function. An approximate covariance matrix for the parameters was obtained by inverting the Hessian matrix at the optimum. A confidence interval of 95% was defined for testing the significance of a bilateral test (p-value < 0.025). The standard errors used to determine the confidence interval were obtained by the square roots of the diagonal elements of the covariance matrix. To test the synchronicity between increase in ChlF seasonality and incident radiation we applied the model with one, two and three months lag in radiation (Rad):


   S    (    ChlF   R l a g    )    t = 1 : 12 , i     ~    α  r l 0 , i     +  α  r l 1 , i     ×   R a  d  t =  (  1 : 12  )  −   lag , i     +    α  r l 2 , i     ×   P r  e  t = 1 : 12 , i     +    ε i    



(4)




where:




	
    α  r l 0 , i      = Intercept of the radiation lagged regression.



	
    α  r l 1 , i      = Radiation coefficient of the radiation lagged regression.



	
    α  r l 2 , i      = Precipitation coefficient of the radiation lagged regression.








We also tested the synchronicity between increase in ChlF seasonality and precipitation by applying the model with one, two and three months lag in precipitation (Pre):


   S    (    ChlF   P l a g    )    t = 1 : 12 , i     ~    α  p l 0 , i     +  α  p l 1 , i     ×   R a  d  t =  (  1 : 12  )  −   lag , i     +    α  p l 2 , i     ×   P r  e  t = 1 : 12 , i     +    ε i    



(5)




where:




	
    α  p l 0 , i      = Intercept of the precipitation lagged regression.



	
    α  p l 1 , i      = Radiation coefficient of the precipitation lagged regression.



	
    α  p l 2 , i      = Precipitation coefficient of the precipitation lagged regression.








The reduced models were also applied with lags for radiation and precipitation. Lags were applied in order to determine the time when the increasing in ChlF seasonality was synchronous with the increase in incident radiation, such as observed with EVI data in the Amazon [16], and with the increase in precipitation, in order to improve the model performance. The best model of ChlF seasonality was estimated with the radiation or precipitation using lags of 0, 1, 2 and 3 months for each pixel. We discarded the pixels where lagged radiation and precipitation are correlated above a threshold of 0.5, in order to avoid positive correlations introduced by the lags where there was no or negative correlations without lags.





3. Results


Our model estimated significant coefficients for 83% of the analyzed pixels. This is equivalent to an area of 4,694,678 km2 of extent. Among these pixels, 76% (3,857,216 km2) showed a positive relation between photosynthesis and radiation (Figure 1). For these pixels, the R2 was higher for the radiation coefficient. These areas were mainly located above latitude 7°S. Only 13% of the pixels (461,521 km2) had a positive relation with precipitation. Such pixels presented a R² greater for the precipitation coefficient. These areas were predominately concentrated in southwest and southern Amazonia. The remaining 11% of the pixels (375,941 km2) had a positive relationship and similar R² for both precipitation and radiation. These areas were located mainly in the western portion of Amazonia. The average R2 value for pixels with significant coefficients for the relationship with radiation and precipitation were respectively 0.68 (ranging from 0.15 to 0.95), and 0.75 (ranging from 0.30 to 0.96). In areas where ChlF was significantly related to both radiation and precipitation, the average R² was 0.79 (ranging from 0.53 to 0.97). Precipitation and radiation variables are highly correlated in these areas, thus it is not possible to identify which is the best variable to predict ChlF seasonality. Although the number of ChlF observations increases from the northwest to the southeast Amazonia (Figure S6), this variation had no impact on the model significance.



Southwestern Amazonia is an example of a region where ChlF seasonality is in phase with precipitation seasonality (Area 1 in Figure 1). In this region, the ChlF peaks in January when precipitation is at its maximum (Figure 2a,c). On the other hand, in the northeast region of Amazonia (Area 2 in Figure 1), ChlF seasonality is associated with radiation. ChlF peaks in October, one month after the peak in radiation (Figure 2f).



The model performance improved by applying a lag between radiation and ChlF (Equation (4)) in 61% of the study area (3,438,485 km2) (Figure S7). For these areas, the R² obtained with the radiation lag was significantly higher than the R² obtained with no lags. In southern Amazonia, most of the pixels exhibited a positive relation exclusively with precipitation (13% or 461,521 km2). In central Amazonia, a two-month time lag improved the model output and in northern Amazonia one month time lag provided the best results. Improvements in the model results with the use of three months time lag was only observed in some areas in the southeast and north portions of Amazonia (3% or 161,990 km2).



ChlF seasonality associated with precipitation was observed in areas with an average MAP of 1943 mm yr−1 (Figure 3). Approximately 95% of the areas where ChlF seasonality is associated with precipitation have a MAP between 1075 mm yr−1 and 3275 mm yr−1. In areas where ChlF seasonality is associated with radiation, the average MAP is 2571 mm yr−1, varying from 1840 mm yr−1 to 3625 mm yr−1. The difference between mean MAP values of ChlF seasonality responding to radiation and precipitation is 628 mm yr−1.



It is estimated that approximately 72% of the study area (4,052,827 km2) has at least one month of dry season during the year (Figure 4a). The dry season ends mostly between August and September in 62.67% (approximately 2,543,149 km2) of the areas where dry season occurs, predominately in the central region. In the northern part of the basin, the dry season ends mostly between January and April, corresponding to 13% (522,649 km2) of the areas where dry season occurs. In the northeast region, the dry season ends mostly in November and December, representing 19% of the areas with dry season (785,503 km2). The dry season ends in October in southern Amazonia, and represents 4% (approximately 177,273 km2) of the areas where dry season occurs. In the remaining areas the dry season ends mostly between June and July.



The maximum values of ChlF occur between September and December for 88% of the Amazon forest (Figure 4b), corresponding to an area of 4,939,157 km2. Maximum ChlF occurring in this period tend to be concentrated in different locations of the basin. The areas where the maximum ChlF peaks occurs in October are predominately in the northeast region, while maximum ChlF in December are more restricted to the southern. Finally, in northern Amazonia, ChlF peaks in September. Areas where maximum ChlF occurs in November are scattered.



In areas with at least one month of dry season 58% (3,270,381 km2) of the forests have maximum ChlF occurring in the wet season. In most of this area (75% or 2,469,596 km2) ChlF will peak from one to three months after the end of the dry season. The remaining areas with dry season (25% or approximately 800,785 km2) exhibit maximum ChlF four or more months after the end of the dry season. On 14% of the Amazon forest (809,954 km2) which have at least one month of dry season, maximum ChlF occurs within the dry season period. The areas with no dry season (28% of the Amazon forest—1,589,344 km2) are located mainly in the northwest of the basin (Figure 5). In these areas, maximum ChlF occurs mostly in October or November (Figure 4).




4. Discussion


4.1. How Does Photosynthesis Varies as a Function of Climate Seasonality


The positive relationship between ChlF and radiation observed for 76% of the Amazon forest suggests that photosynthesis responds to an increase in radiation and is coherent with independent results obtained with Enhanced Vegetation Index (EVI), which is a proxy for photosynthetic capacity [9,10,11,12,13,14,15,16,50] and Leaf Area Index (LAI) [10,13]. Both EVI and LAI exhibit an increase with sunlight during the dry season in central and eastern Amazon rainforests [7,9,10,11,12,13,14,15,16,19,20,21]. Ground-based eddy flux towers data [6] support our findings of an increasing level of photosynthesis during the dry season (Figure 2b) in the equatorial portion of Amazonian forests (5°N–5°S). This further suggests that such areas are not limited by water, what have been observed with EVI data [16,19]. In these areas, photosynthesis increases mainly from 1 to 3 months after the increase of radiation (Figure 2b,f—ChlF seasonality peaking in October and radiation peaking in September, respectively).



Areas driven by radiation are composed predominately by evergreen forests (Figure S2) and our results indicate that the production of new leaves may compensate the leaf abscission that occurs in the dry season (Figure 2b,d) [53]. Our study supports the evidences that greening, or an increase in photosynthesis activity, occurs mostly in the dry season. This result contradicts the claim that the dry season Greening—observed in the Moderate Resolution Imaging Spectroradiometer (MODIS) EVI data is a result of an artificial increase in the canopy reflectance at near-infrared bands [23].



The application of a time lag over radiation significantly improves the model performance (Figure S7), suggesting a response of vegetation to the radiation increase. In these areas, the increase in radiation possibly causes bud breaking and posterior leaf emergence, leading to the development and the production of new leaves [54,55] (Figure 2b). This process may shift the canopy composition into younger and more light-use efficient leaves, that can explain the observed increase in ChlF [7]. Therefore, the asynchronous relation between photosynthesis and radiation observed in this study may be explained by the trimming of buds and new leaves development.



It is suggested that Amazonian forests use the diffuse photosynthetically active radiation (PAR) more efficiently than direct PAR to make photosynthesis [56]. Therefore, in the early wet season, when more clouds and aerosols are observed [56], and consequently more diffuse PAR, ChlF tend to be higher. This pattern contributes to explain the lags between radiation and photosynthesis identified in our analysis.



However, in water-limited areas, predominantly located in southern Amazonia, the photosynthetic capacity increases with precipitation during the wet season [6]. The increase of photosynthesis was synchronous with the onset of the wet season in these areas (Figure 2a,c). The lags in the precipitation applied in the model worsened the results (Figure S8). The mean R² of the model was 30% lower by applying a one-month lag in precipitation, in relation to the mean R² obtained without lags. Moreover, the mean R² calculated by applying two or three lags were close to zero. This result is consistent with a previously analysis carried out for dry tropical forests, which indicated a quick and synchronous bud break of leafless trees with the wet season onset [57]. Moreover, our results are in agreement with [20], which observed that net leaf flush tends to become more synchronous with water availability as the number of dry months by year increases This suggests that leaf buds are already present in the trees during the dry season, but in a dormant state due to water stress. As the wet season begins, the dormant state is broken and new leaves are produced, resulting in an increase of photosynthesis. In addition, in water limited areas the vegetation is predominately semi deciduous transitional forests, meaning that leaf abscission tends to occur [53] and less or no leaves are produced during the dry season, leading to the decrease in photosynthesis observed in this study (Figure 2a). The occurrence of more deciduous tree communities indicates that the water supply is insufficient to maintain the evergreen state of vegetation in such areas during the dry season [53,58]. It is important to mention that nutrient availability, especially phosphorus, may have an important role in the photosynthetic activity of the Amazon forest, as showed in the study of [59]. However, this effect was not quantified in our study.




4.2. What is the Association between Climate-Drivers of Photosynthesis Seasonality and the Spatial Gradient of Mean Annual Precipitation


Average MAP in water limited areas (1943 mm yr−1) obtained here is close to the 2000 mm yr−1 threshold established by [19]. In areas below this threshold, the differences between the EVI in wet and dry seasons are significantly positive. Our results support this conclusion in these areas, as the photosynthesis achieved its minimum during the dry season and its maximum during the wet season (Figure 2a,c). Areas with the same MAP can have the increase of photosynthesis related to radiation, precipitation or a combination of both. In some cases, no relationship between photosynthesis and the analyzed factors is observed. Other factors, such as forest structure, composition, soil water storage capacity and nutrients can also influence the photosynthetic activity, thus more studies investigating the role of these variables upon the photosynthetic process at a large scale are required. It is important to note that only 11% of the study area that is positively associated to radiation has MAP below the 2000 mm yr−1 threshold. Therefore, almost all of the radiation-associated areas are not limited by water supply. It is possible that areas that are positively associated to radiation and have a MAP equal or lower than the ~1943 mm yr−1 threshold will be more threatened by future climate changes [60]. If the amazon gets drier [60], such areas may become limited by water.




4.3. When is the Peak of Maximum Photosynthesis Activity in Amazonia


The peak of photosynthesis during the wet season is observed in 58% of Amazonia (Figure 5). This pattern is similar to the LAI pattern [10] reported for central Amazonia (Figure 1a of [10]) where LAI peaks at the wet season onset. The occurrence of the maximum photosynthesis during the wet season is supported by three complementary explanations. First, the maximum photosynthesis observed in the early wet season is likely to occur in response to the water recharge of soils at the wet season onset. Most areas with maximum photosynthesis occurring one or two months after the end of the dry season have at least three months of dry season (Figure S5). Second, in parts of northern and central Amazonia, precipitation is in phase with radiation (Figure 3 of [61]). Therefore, in fact, maximum ChlF occurs during the wet season because maximum radiation coincides with the onset of the wet season. Third, as vegetation uses diffuse PAR more efficiently than direct PAR [56], the increase in the diffuse fraction of PAR related to increased clouds and aerosols during the onset of the wet season is likely to favor the photosynthetic process, after the radiation peaks in the dry season.



However, in the northeast flank of Amazonia—more specifically—in the Guiana Shield, maximum photosynthesis occurs predominately in the dry season and is strongly associated with radiation (Figure 5). Negative correlations between ChlF and soil humidity and between ChlF and minimum temperature that have been observed in the Guiana Shield [26] are coherent with the results obtained here. As photosynthesis seasonality in this region appears to be not limited by soil water availability, then the observed peak in the dry season, is a function of maximum radiation (Figure 2f). Northeast Amazonian forests presented the most negative difference between ChlF in the wet and dry season (ChlFwet–ChlFdry) among all the tropical forests [19]. Vegetation characteristics, such as deeply rooted trees, or soil characteristics of this region allow vegetation to access soil water supply during the dry season [62,63]. Although the maximum photosynthesis occurs during the dry season, the length of the dry season in these regions is shorter than most part of the basin where maximum photosynthesis occurs in the wet season (Figure S5).



Finally, despite not being measured in our study, it is important to highlight that soil fertility may be another variable that can affect the photosynthetic process. Higher Net Primary Productivity (NPP) in Amazonia is directly correlated with higher soil fertility, particularly phosphorus [59,64]. However, the spatial patterns observed from forest productivity seem unrelated to atmospheric nutrient deposition patterns in this region [65,66]. It has been suggested that Amazonia may be losing phosphorus to adjacent oceans and in other regions downwind [65]. If it is the case, and somehow the atmospheric nutrient deposition plays a role in the Amazonian photosynthesis, a decrease in photosynthetic capacity should be observed through time. However, our method removes temporal trends in the dataset and therefore this effect should not impact our results.



Consistency in modeling photosynthesis through precipitation and radiation gradients was obtained despite the low spatial resolution of GOME-2 data. Our results are coherent with previous studies using EVI to estimate photosynthetic capacity in the Amazon forest [9,10,11,12,13,14,15,16,54]. These studies showed an increase in photosynthesis during the dry season in areas without water limitation, as observed here. It is important to note that the METOP-A mission, as well as the GOSAT [63], were not planned for studying ChlF. However, the high spectral resolution of GOME-2 sensor and the location of their spectral bands, covering the ChlF spectrum, made possible to retrieve ChlF using this sensor. The launch of the Fluorescence Explorer Mission–FLEX (the European Space Agency–ESA’s Living Planet Programme) scheduled to 2022 is being developed specifically for obtaining ChlF [63]. The launch of the FLEX may overcome the low spatial resolution limitation inherent to current satellites measuring ChlF. In addition, the FLEX will be able to retrieve the entire ChlF broadband spectrum and will allow the calculation of other vegetation parameters from the Top of the Atmosphere (TOA) radiance obtained by FLEX, such as LAI and chlorophyll content.





5. Conclusions


Photosynthesis seasonality tends to increase during the dry season in areas with positive relation between photosynthesis and radiation (76% of Amazonia) and during the wet months in water limited areas (13% of Amazonia), while in the remaining areas (11%) the photosynthesis seasonality was significantly related to both radiation and precipitation. Photosynthesis seasonality increases synchronously with the wet season onset in water-limited areas, while in most of radiation-driven areas the photosynthesis seasonality increases with a time lag between 1 to 3 months after the radiation increase. It may indicate that in water limited vegetation leaf buds maintain a dormant state during the dry season, and younger and more light-use efficient leaves are produced in the wet season onset, which causes the increase in photosynthesis activity during this time period. The observed time lag in radiation-driven areas may be related to the time needed by vegetation to produce leaf buds and subsequent bud break. Amazonian forests may use the diffuse PAR more efficiently than direct PAR, what occurs in the early wet season and also can explain the lags observed here. Interestingly, in northeast Amazonia maximum photosynthesis occurs predominately during the dry season, a feature that is not observed in the rest of the basin. It suggests that this region is not limited by water and photosynthesis seasonality is driven solely by radiation.



The value of the mean annual precipitation able to support the evergreen state of Amazonia for areas limited by water obtained here (1943 mm yr−1) was close to the threshold established by [19]. Above a 3275 mm yr−1 precipitation threshold the production of new leaves seasonality depends almost exclusively on the incident radiation seasonality, while below a threshold of 1635 mm yr−1 the production of new leaves is only limited by precipitation. Areas where photosynthesis is driven by radiation and have a MAP close to the ≈1943 mm yr−1 threshold can potentially turn into water limited forests due to the expected increase in the frequency and intensity of extreme droughts [67]. If this climatic shift occurs, vegetation in these areas are likely to change towards a forest dominated by deciduous tree communities instead of the evergreen forests.
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Figure 1. Spatial patterns of climate-drivers of photosynthesis seasonality in Amazonia, represented by the R² for each predictor. Areas 1 and 2 represent regions limited by water and driven by radiation, respectively. The pixels encompassed by such areas were used to analyze the relations between ChlF seasonality and the monthly means of the climate variables, as showed in Figure 2. 
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Figure 2. ChlF seasonality (a,b), Mean Monthly Precipitation (MMP) (c,d) and Mean Monthly Radiation (MMR) (e,f) variables of the pixels located in the areas (1 and 2) indicated in the Figure 1. The pixel values of ChlF seasonality, MMP and MMR variables in the Area 1 and Area 2 are plotted for each month (X-axis). Upper, middle (yellow line) and lower box edges show the 75th, 50th and 25th percentiles of the pixel values for each variable. The upper (lower) whisker delimit the most extreme value contained in the limit defined by the sum (difference) between the 75th (25th) percentile and the difference between the 75th and 25th percentiles multiplied by 1.5. Outliers (black circles) represent values outside the limits defined by the whiskers. 
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Figure 3. Accumulated frequencies of Mean Annual Precipitation (MAP) in the areas where ChlF seasonality is associated to precipitation or radiation. 
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Figure 4. (a) Last month of the dry season obtained from MMP. Dry season was defined by months with MMP below 100 mm; (b) months of the maximum ChlF in the amazon forest. 
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Figure 5. Maximum ChlF seasonality and its relationship with the end of the dry season. 
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