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Diel and annual rhythms of tropical stem size changes in the Mayombe forest, Congo Basin
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Introduction: The Congo Basin forests, a crucial global carbon sink, are expected to face increased challenges of climate change by 2027, with an expected temperature rise of 1.5°C above pre-industrial levels, accompanied by increased humidity conditions. However, studies that try to understand their functioning and untangle the species-specific responses about how weather conditions impact secondary growth dynamics are still rare.

Methods: Here we present the results of a study on diel and annual stem growth in 17 trees, belonging to 11 most abundant species, both canopy and understory, in the Mayombe forest (Congo Basin) in the Democratic Republic of the Congo (DRC). We measured highly-resolved radial stem size variations and weather conditions, to comprehend the ongoing patterns of secondary growth and examine the potential influence of projected weather conditions on them.

Results: We found that at the diel scale, trees probably grow mainly from 6pm to 9am, and that at the annual scale, they grow mainly during the rainy season, from October to May. Some trees grow year-round, while others stop growing for a period ranging from 1 to 4 months. This growth cessation typically occurs during the dry season from June to September. A generalized linear mixed-effect model revealed that annual radial stem growth is positively related to rainfall.

Discussion: Our results suggest that trees in the study site have a significant potential to cope with the projected 1.5°C increase in global temperature and an additional 50 mm of local rainfall. Trees of the species T. superba exhibited improved growth under the projected scenarios. For the other tree species, no significant difference in growth was observed between the predicted and observed scenarios. We believe that much remains to be done to better understand the tree growth-climate interaction of the large variety of tree species in the Congo Basin.
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1 Introduction

Tropical forests host over half of world species richness (Lewis et al., 2015) and contain 55% of the global terrestrial carbon (Pan et al., 2011). They are particularly rich in other facets of biodiversity, including various patterns of wood anatomy, phenology and tree-growth periodicity (Lowman and Moffett, 1993; Beeckman, 2016; Hubau et al., 2019, 2020). Recent studies have shown that climate change is causing notable shifts in tropical forest ecosystems. Specifically, there is an increase in deciduous canopy species with intermediate light demand and a concurrent decline in evergreen sub-canopy and shade-tolerant species (Fauset et al., 2012). Moreover, higher temperatures (Sullivan et al., 2020), higher Vapor Pressure Deficit (VPD) (Grossiord et al., 2020) and precipitation disturbances, corresponding to dry areas becoming drier and wet areas becoming wetter (Trenberth, 2011; Tsalefac et al., 2015), are expected in tropical regions. This would result to a reduction in their carbon storage capacity and possible vegetation dieback (Holm et al., 2017; Hubau et al., 2020). A recent pan-tropical study clarifies that stem growth variability positively responds to rainfall, and that stem growth of tropical trees is reduced (i.e., smaller ring width) in years when the dry season is warmer and drier than normal (Zuidema et al., 2022). This provides further evidence that the global warmer condition might induce a decline in annual growth (Locosselli et al., 2020; Artaxo et al., 2022). Studying the impact of changing environmental conditions on tree growth and its variability is critical for improving our predictions on the dynamics of forest productivity and their impact on the global carbon cycle (Bonan, 2008; Friedlingstein et al., 2019). It is therefore absolutely necessary to focus current research on understanding their growth dynamics and how they respond to current climate change, and even predict their future responses (Cavaleri et al., 2015; Albert et al., 2019).

As inherently self-scaling, tree secondary growth is a widely used proxy for whole tree growth (Bowman et al., 2013; Ortega Rodriguez et al., 2023). Analyzing secondary growth provides us with the opportunity to understand the direct constraints of environmental variables on tree growth (Friend et al., 2019). To assess tree growth in a detailed way, four approaches exist depending on the timescale: (1) Weekly/biweekly: regular analysis of the cambial zone trough periodic sampling (Rossi et al., 2006a, 2006b), (2) Monthly: decoding periodic information in wood due to the rhythmic anatomical marks by the means of artificial wounding of the cambial zone (Seo et al., 2007; De Mil et al., 2017), (3) Inter-annual: dendrochronology and radiocarbon dating (Groenendijk et al., 2014; Pompa-García and Camarero, 2020; Giraldo et al., 2023), (4) all timescales: direct measurement of changes in girth or in stem radial axis using automatic dendrometers (Drew and Downes, 2009; Deslauriers et al., 2011; Steppe et al., 2015).

The Congo Basin forests constitute the second largest continuous area of tropical rainforest in the world, however, they are still underrepresented in studies of species-specific tree growth performance and resilience in the context of global climate change (Couralet et al., 2013). The studies conducted are more focused on wood anatomy (Couralet et al., 2010; Tarelkin et al., 2016, 2019), leaf phenology (Gond et al., 2013; Fétéké et al., 2017; Angoboy Ilondea et al., 2021), and forest dynamics (Morin-Rivat et al., 2017; Forni et al., 2019; Réjou-Méchain et al., 2021). Often, these studies are based on low-frequency measurements from permanent plots. Very few studies have looked at cambial phenology and radial growth at a high temporal resolution (De Mil et al., 2017, 2019). However, cambial activity and xylem enlargement occur on a short time scale (Deslauriers et al., 2008). As result, it is still particularly unclear how long the growing season lasts in the Congo basin, and whether there is a dormancy period in carbon storage processes.

Due to various physiological processes in trees, such as sap flow and turgor pressure variation in relation to their hydraulic status, tree stems continuously (i.e., daily) fluctuate between shrinking and swelling (Peters et al., 2021), providing insights on water use and hydric stress as the response of sub-daily environmental conditions (Drew and Downes, 2009; Herrmann et al., 2016).

Despite the use of high temporal resolution dendrometers for several decades (Klepper et al., 1971) to measure stem diameter changes on time scales ranging from minutes to years, it has not been easy to completely separate irreversible stem radial growth from elastic tension-driven and elastic osmotically driven changes in bark water content, on a diel scale, although several approaches have been proposed (Deslauriers et al., 2011; Chan et al., 2016; Zweifel, 2016; Zweifel et al., 2016). Two approaches have provided important insights into this subject. First there is the zero growth (ZG) concept (Zweifel et al., 2016), which is based on high-resolution dendrometer measurements, taken on bark only. That approach assumes that growth starts when the stem radius exceeds the previous maxima and ends when the stem starts to shrink again (Zweifel et al., 2021). Secondly, there is the Mencuccini approach (Mencuccini et al., 2017), more precise, which is based on the simultaneous use of high-resolution point dendrometer measurements, taken from both xylem and bark, sap flow measurements and theoretical and statistical models. Despite the higher precision of their approach, Mencuccini et al. (2017) recognize that although not identical, their approach and that of Zweifel et al. (2016) can, under certain conditions, provide similar answers to the question of growth isolation. Thus, the use of ZG theory seems to be the best approximation for isolating growth on a diel basis, when only dendrometer measurements from the bark are available.

According to a new update issued by the World Meteorological Organization (WMO), global near-surface temperatures are very likely to exceed pre-industrial levels by 1.5°C for at least 1 year between 2023 and 2027 and wetter-than-usual conditions in much of Asia and Central Africa (WMO, 2023). The main objective of this study was to gain insights into the existing dynamics of secondary growth, enabling an understanding of the potential influence of weather conditions, particularly under projected scenarios. Assuming we reach the 1.5°C level in the study area and that the precipitation will increase by 2027, we sought to assess how tree growth could be modified with such projected climate changes. We therefore examined: (1) the swelling-shrinking process on a diel basis; (2) the current pattern of annual stem growth; (3) how will weather conditions impact secondary growth dynamics during the phenological year, under projected conditions?

Here we present the results of the first study of diel and annual stem changes in 17 trees, belonging to 11 most abundant species (both canopy and understory, and evergreen and deciduous) of the Mayombe forest (Congo Basin), based on high-resolved continuous measurements of radial stem variations and weather conditions.



2 Materials and methods


2.1 Study site

The study was conducted in Nkula Park, situated in the Luki Man and Biosphere reserve (MAB), which is part of the Mayombe forest in the Congo Basin. The Luki MAB reserve is in the province of Kongo Central at the southwestern part of the Democratic Republic of the Congo (DRC), within latitudes 05°35′S and 05°43′S, and longitudes 13°07′E and 13°15′E (Figure 1). It is classified as a tropical semi-evergreen forest of the Guineo-Congolian rainforest domain. It consists of a mixture of evergreen and deciduous species in the upper-stratum and mostly evergreen species in the understory. Its hilly landscape, with altitude ranged from 150 to 500 m above sea level (Monteiro, 1962), consists of moist green valleys and drier tops (Lubini, 1997). The soil is heterogeneous but has been described as generally ferrallitic, acid and chemically poor (Couralet et al., 2013). Climatic data available from Luki Weather Station (5°38′N, 13°7′E) from 1981 to 2021 shows annual averages of temperature and rainfall estimated at 25°C ± 1.14 and 1,298 ± 353 mm, respectively. The rainfall regime is marked by a distinct dry period of less than 50 mm of monthly rainfall, from May to September. The average minimum and maximum annual temperatures are 19.5°C and 27.9°C, respectively, (Figure 1). The amplitude of the average daily temperature varies monthly from 6.3°C to 11.8°C. It tends to be lower in wetter months and higher in drier months. However, its variation is more marked during rainy months than during relatively dry months. The Nkula park which is located at 13°04′00″E and − 5°38′59′′S, is a protected long-term tree monitoring park (since 1948 until present) where the trees are being monitored for tree growth and phenology (Hubau et al., 2019). A Recent study reveals a total of 218 woody species grouped into 41 families in the Luki MAB reserve. The average tree density is estimated at 433 ± 13 trees per hectare. The families Sterculiaceae, Fabaceae, Ebenaceae, Olacaceae, Rubiaceae, Annonaceae, Myristicaceae, Meliaceae and Sapotaceae have the highest specific importance index values. The diametrical tree distribution is characterized by a predominance of small-diameter trees, and the vertical tree distribution by a predominance of trees in lower strata, between 10 and 20 meters high. These structural features testify to the good natural regeneration capacity of these forests (Bienu et al., 2023).
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FIGURE 1
 (A) Location of study trees in the Nkula park, and a photo of a part of the Luki Man and the Biosphere Reserve, showing the hilly landscape. (B) Walter-Lieth Climate Diagram of the Luki Man and the Biosphere reserve from 1981 to 2021. The blue line indicates rainfall curve, the red line indicates the temperature curve, the dry season is shown in dashed red. The blue stripes indicate the humid period, and the blue area shows the wet period. Temperatures in black (19.5°C and 27.9°C), on the left axis, represent the average minimum temperature of the coldest month and the average maximum temperature of the warmest month, respectively. The annual average temperature and annual rainfall are shown in the upper right corner of the diagram.




2.2 Monitoring set-up and measurements

Seventeen healthy trees of eleven species, among the most represented, in the Nkula park forest, without apparent stem deformations or morphological anomalies, and within a dbh range of 11–83 cm, were selected and equipped with a point dendrometer (model DR1, Ecomatik, Munich, resolution 0.2 μm, accuracy ±0.1% of reading) at approximately breast height (1.3 m above the ground). Data from 4 trees (Terminalia superba) were taken from a previous study (De Mil et al., 2019) and dendrometers were installed above the buttresses, at 4-5 m height, approximately 30 cm above the buttresses (Rondeux, 1999). Tree heights were measured with a Nikon Forestry pro. Metadata of the monitored trees are given in Table 1.



TABLE 1 Characteristics of 17 trees monitored in Nkula Park.
[image: Table1]

Measurement of stem-radius daily changes were performed during the phenological years 2013–2014, 2014–2015, 2018–2019, and 2021–2022, at the resolution of 30 min. We evaluated the growth for the period from October 1 (previous year) to September 30 (current year), which we consider to be the beginning and end of the phenological year, respectively. In the following, we will use the terms “year” or “phenological year” indistinctly when referring to this period. And the term “annual” will always refer to the phenological year. We counted the days in days of the phenological year (DOPhY).

During the study period, direct monitoring of air temperature and relative humidity (RH) was performed with a HOBO U23-001 Pro v2 data logger (ONSET, United States), resolution of 30 min, placed at 1.5 m height, under the canopy, in the INERA (Institut National pour l’Étude et la Recherche Agronomiques) weather station site, less than 500 m from the tree’s location. Rainfall data were obtained from https://power.larc.nasa.gov/data-access-viewer/.

The VPD (in kPa) was calculated from the temperature T (in °C) and RH (in %) according to this formula: [image: image] (Dai et al., 1992; Day, 2000; Grossiord et al., 2020).



2.3 Data analysis and statistical methods

All basic analyses and plots were performed using R studio statistical software (RStudio Team, 2022), although we occasionally used XLSTAT (trial version) and ‘Past 4.11’ (Hammer et al., 2001) to perform some complementary analyses. The package treenetproc (Knüsel et al., 2021), in R studio 4.2.1 (RStudio Team, 2022), was used to clean data of outliers, offsets and erroneous jumps, process and display highly resolved time series of dendrometer data. Based on the ZG theory, the package offers functions to extract the day of the year of the onset and the end of the growing season as well as several characteristics of shrinkage and swelling phases.

To describe the diel characteristics of tree stem shrinkage and swelling, we first calculated an hourly increment rate based on the principle of ZG (Zweifel et al., 2016) as in previous studies (Hogan et al., 2019; Etzold et al., 2022; Kaewmano et al., 2022). According to this principle, cumulative growth increases during periods when the stem radius surpasses its previous maximum. During the remaining time, the stems either shrink or expand below this maximum, with the deviation from the maximum referred to as tree water deficit (TWD). Alternatively, the stem radius may exactly meet its previous maximum (Zweifel et al., 2021). TWD values can also be interpreted as temporal shrinkage rates, based on the considered timescale.

The raw recordings from the dendrometer corresponded to the variation in stem radius, in μm, every 30 min. Using the R package treenetproc, we compiled them over regular 60-min time intervals, then relativized them so that the initial record, corresponding to time t0, was equal to zero. To achieve this, the initial value was subtracted from all records.

On this new data set, if the initial value x0, is not exceeded, it is considered to be the value for all subsequent hours. At these hours, the hourly increment rate is zero. Once the dendrometer registers a value xa, in a given hour ha, such that xa > x0, we consider that a radius variation has occurred equal to xa - x0, corresponding to the increment rate of that hour a. Again, as long as the xa value is not exceeded, all subsequent hours are considered to have an hourly increment rate equal to zero. The hour hb, whose record xb is such that xb > xa, will be associated with a rate of increase xb-xa, and so on. In this way, we were able to obtain hourly increment rates over a full phenological year for each tree. The different values x0, xa, xb, etc., which are such that x0 < xa < xb, are defined as swelling peaks (Figure 2).

[image: Figure 2]

FIGURE 2
 The stem radius variation, divided into three distinct phases of shrinkage (brown dots), swelling (orange and green dots) and stem radius growth (green dots). All points represent dendrometer recordings in μm/h.


The increment rate calculated in this way corresponds to the growth rate (GR), in μm, as defined by Zweifel et al. (2021). However, we do not consider that irreversible stem growth occurs undoubtedly at the times when these rates are reached by the stems. We therefore considered the increment rate to be the difference between the highest swelling peak (in μm), reached at the time under consideration, and the previous swelling peak. This is because, at small time scales, such as sub-diurnal and diurnal, it is difficult to separate, from dendrometer over-bark measurements, irreversible growth from swellings due to the water dynamic in the bark (Mencuccini et al., 2017). On the other hand, convinced that the bi-weekly scale was sufficient to detect irreversible stem growth (D’Orangeville et al., 2022), we calculated biweekly GR based on the ZG principle. The data gathered was then used as a basis for analyzing the response of trees to biweekly environmental variables (mean temperature, mean RH, and sum of rainfall) on an annual scale.

To examine how the radial variation dynamics of tree stems change throughout the day, we analyzed the hourly increment rates of each tree individual plotted against the hours of the day (Figure 3). The data were then organized into boxplots to illustrate the distribution (Figure 3A) and further averaged to show the overall trend for each tree (Figure 3B). The relative hourly shrinkage rate, quantified as the contribution of the average hourly TWD to the total annual TWD, was examined, using the Gaussian RBF kernel model, within the measured space of VPD and diel time for each tree species separately during the rainy season (Figure 3C) and the dry season (Figure 3D).

[image: Figure 3]

FIGURE 3
 Diel stem change of 17 tropical trees belonging to 11 species. The dataset, shown in figure, consists of hourly increment rates, quantified as the radial increase in μm per hour according to the ZG principle. (A) Boxplots display the median (horizontal line inside the box), 25th and 75th percentiles (horizontal bases of the box) of the pooled data for all tree individuals. The vertical lines attached to the box represent the minimum and maximum values, the red dot represents mean values, and black dots indicate outliers. (B) The lines show the average hourly increment rates for each tree species. (C) and (D) Diel shrinkage rate in relation to VPD and time for all trees individual. The dataset consists of the relative contribution of hourly TWD to the total annual TWD, representing the average hourly shrinkage rate in the rainy season (C) and the dry season (D). It is colored-coded and ranges from green (low shrinkage), through orange (moderate shrinkage) to red (high shrinkage). The black line indicates the average VPD for hours with shrinkage.


To evaluate the potential differences in diurnal and nocturnal levels of environmental variables and their probable influence on the distribution of hourly increment rates during daytime and nighttime periods, we conducted a two-way analysis of variance (two-way ANOVA). This analysis was applied separately to temperature, vapor pressure deficit (VPD), and relative humidity (RH), each categorized into two groups: one comprising data recorded during daytime hours (6 a.m. to 5 p.m.) and the other encompassing data recorded during nighttime hours (6 p.m. to 5 a.m.). Daytime was defined as the period corresponding to the light phase of the day, whereas nighttime referred to the dark phase of the day. Classical clustering was used to compare the onset and end time of growing period, as well as the duration of growth, between different individuals.

To conduct a comparative analysis of diel radial increment rates (Inc_rate) between days characterized by minimal shrinkage and days with more pronounced shrinkage, a generalized linear mixed-effect model (glmer) was fitted using the R package ‘lme4’ (Bates et al., 2024). The model incorporated DOPhY and VPD group as fixed effects, while considering tree individual (Tree_ind) as a random effect. The model was formulated as follows:


Incr_rate ~ DOPhY * VPD_group (1|Tree_ind).
 

VPD was categorized into two groups: low VPD (<0.7 kPa) and high VPD (≥0.7 kPa). The threshold for defining VPD as low, set at less than 0.7 kPa, was derived from the outcomes of the Gaussian RBF model implemented in this study. This model, which correlated biweekly growth rates with VPD and rainfall, revealed that biweekly growth rates were maximized when VPD values were below 0.7 kPa (Fig S1, and table S1).

To assess the variation of GR of individual trees throughout the year, as dependent to their inherent traits and environmental conditions, we fitted a ‘glmer’ using the R ‘lme4’ package. The species and the environmental variables rainfall, RH, temperature, and their derivative VPD were evaluated as fixed effects. The individual tree and the individual tree nested in species were evaluated as random effect. The full models evaluated were as follows:

1. GR ~ Temp*Prec + Temp*RH + Tree + (1|Species)

2. GR ~ Temp*Prec + RH + Tree + (1|Species)

3. GR ~ Temp*Prec + Tree + (1|Species)

4. GR ~ Temp*Prec + Tree + (1|Tree/Species)

5. GR ~ VPD*Prec + Tree + (1|Tree/Species)

6. GR ~ Temp*RH + Tree + (1|Tree/Species)

The best model fit was selected by comparing Akaike Information Criterion (AIC; Burnham and Anderson, 2002). Using the “predict” function of the ‘lme4’ package, we examined two possible scenarios of the best model: (1) Temperature increase of 1.5°C and biweekly rainfall increase of 25 mm. (2) Temperature increase of 1.5°C and biweekly rainfall increase of 50 mm. We considered a limit of a 50 mm increase in rainfall over each fortnight (2 weeks), as this roughly coincides with a doubling of annual rainfall in the study area. This is a worst-case projection that we imagine occurring in the short term based on WMO forecasts.

Subsequently, we performed a two-way ANOVA test to compare GRs from the projected scenarios with those from observed scenario within each species.

We used the Gaussian Radial Basis Function (RBF) (Shi and Choi, 2011) of the R package Plotly (Sievert et al., 2024), to plot GR in the measured space of environmental variables.




3 Results


3.1 General pattern of stem change

On a diel basis, the majority of trees begin to increase their increment rate from 6 p.m, as soon as sunset. Increment rates peak between 6 and 9 a.m, then decline sharply until 12 p.m. and remain near zero during the day and afternoon. This is the time of day when the most significant shrinkage occurs (Figure 3).

Annual variability in stem radius is, in general, characterized by rapid growth in the rainy season (which theoretically extends from September 15 to May 15), a sharp decrease in growth for some trees, and a complete cessation of growth for others, during the dry season (Figure 4A). We therefore noticed that the majority of trees (14 trees) ceased to grow during the dry season, while F. elastica, G. giganteum and G. suaveolens trees remained active throughout the phenological year (Figures 4A,B). Mainly, growth begins in October and then fluctuates between October and April, depending on the phenological year and the tree species (Figure 4A). From April to June, there is a decline, then from June to September, the majority of trees exhibit limited growth, those that do not experience growth cessation showing reduced growth rates (Figure 4B). The growth cessation was generally longer and clearer in trees of deciduous species than in those of evergreen species. This means that deciduous species (T. superba and H. gabunense) tended to stop growing completely during the dry season and resume growth when the rains return, while evergreen species tended to have only a brief interruption or slowing of radial growth during the dry season (Figures 4A,B). The timing of growth onset and cessation, as well as the duration of the stem growth period are compared in Supplementary Figure S2.
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FIGURE 4
 Annual stem radial growth dynamics. (A) Cumulative annual growth. The data set consists of cumulative diel increment rates, quantified as the diel contribution to the total annual growth (in percent). Each curve represents a given tree individual or averaged data for F. elastica and P. superba. The time is in days of the phenological year (DOPhY), with the first day of the phenological year on October 1 and the last day on September 30. The two vertical dashed lines represent the theoretical beginning and end of the dry season, respectively, on May 15 and September 15. (B and C) Annual variation of monthly growth rate of study species trees. (B) The lines show the median monthly growth rate for each species, quantified as the radial increase in micrometers per month. (C) Boxplots show the median monthly growth rate (horizontal line inside the box), 25 and 75 percentiles (horizontal bases of the box) of the pooled data for all tree individuals. Red dots represent mean values, while black dots are outliers.


Understory trees grew slower than dominant statue trees: tree height showed a fairly strong significantly positive correlation (Adjusted R2 = 0.43) with annual growth (Supplementary Figure S3). In particular, the M. puberula tree is too slow growing, with annual growth approaching zero (31.24 μm/year). This tree also has an atypical and short growing period of 33 days. Small-diameter trees have a lower annual growth than large-diameter trees. Indeed, tree diameter showed a moderate significant positive correlation (Adjusted R2 = 0.17) with annual growth (Supplementary Figure S4).



3.2 Stem changes in relation with environmental variables

On a diel basis, stem increment rates were highest at times when VPD was lowest (low temperature and high RH), i.e., from 6 pm to 9 am. The two-way ANOVA conducted to evaluate potential disparities between diurnal and nocturnal levels of environmental variables revealed statistically significant differences in Temperature, VPD, and RH values across all phenological years. During the nighttime, VPD and temperatures exhibited lower values compared to the daytime, whereas RH displayed higher values during the nighttime than during the daytime (Supplementary Figure S5). When the VPD and temperature starts to get low (at 6 pm), trees begin to maximize their radial growth rate, peaking between 6 and 9 am. At around 9 a.m., when the VPD and temperature starts to rise, the increment rate begins to decrease and remains near zero throughout the morning and the afternoon (Figures 3A,B).

VPD tends to be higher during the day than at night, regardless of the time of year. However, it has been observed that VPD values are generally higher during the dry season than during the rainy season (black curve in Figures 3C,D). The Gaussian RBF kernel model showed that VPD accounts for 23% of diel shrinkage in the dry season and 39% in the rainy season. During the rainy season, periods of low shrinkage (colored areas ranging from green to pale orange, Figure 3C) tend to occur for VPD values from 0.2 to 0.7 kPa, with these values most frequently recorded between 9 p.m. and 5 a.m. This suggests that growth tends to predominantly occur during these hours. Conversely, during the dry season, periods of low shrinkage (colored areas ranging from green to pale orange, Figure 3D) occur at higher VPD values, from 0.8 to 1.4 kPa, most often recorded between 8 p.m. and 7 a.m. This implies that growth occurs within a longer time frame compared to the rainy season.

The glmer fitted to analyze daily radial increment rates with DOPhY and VPD, and to compare days characterized by minimal shrinkage and days with more pronounced shrinkage, exhibited a weak explanatory capacity (conditional R2 = 0.02). Within this model, the following observations were noted: The effect of DOPhY was statistically significant and negative [beta = −7.55e-04, 95% CI (−1.13e-03, −3.78e-04), t (7659) = −3.92, p < 0.001; Std. beta = −0.07, 95% CI (−0.11, −0.04)]. The effect of VPD group [Low VPD] was statistically significant and positive [beta = 0.19, 95% CI (0.08, 0.31), t (7659) = 3.23, p < 0.001; Std. beta = 0.06, 95% CI (0.09, 0.19)]. The interaction effect of DOPhY and VPD, when VPD group was “Low VPD,” was statistically significant and negative [beta = −9.82e-03, 95% CI (−0.02, −1.13e-03), t (7659) = −2.22, p = 0.027; Std. beta = −0.06, 95% CI (3.03e-03, 0.11)].

The total explanatory power of the model, indicated by the conditional R-squared (0.02), suggests that the model explains about 2% of the variance in the radial increment rate when considering both fixed and random effect, which is low. The standardized beta coefficient for DOPhY indicates a moderate effect on the diel radial increment rate, but insinuating that as the phenological season progresses, the diel radial increment rate decreases. The standardized beta coefficient for VPD group indicates that during periods characterized by low VPD, the radial increment rate is estimated to increase by 0.19%. The interaction between DOPhY and VPD group indicates that the influence of VPD on radial growth rate varies throughout the phenological year. During the initial phase, characterized by low VPD, i.e., rainy season days, there is an increase in growth rates. However, in the subsequent phase, characterized by high VPD, i.e., as dry season days, growth rates tend to decrease.

On an annual basis, the start of growth does not coincide with the return of the rain, which occurs in the second half of September. Instead, it shifts toward October. Similarly, the end of growth does not occur immediately at the beginning of the dry season, in May. Instead, it occurs around June (Figure 4). The temperature curve has the same tendency as the rainfall curve (Figure 1B). Thus, growth cessation or slowdown occurs during the coldest period of the year. These observations are discussed in detail in the paragraphs that follow.



3.3 Modeling tree’s responses to the environmental variables change

The gmler to predict GR variation throughout the year including the variables temperature, rainfall, RH, and tree as fixed effects and the variable species as random effect, produced the best fit formulated as follows:


GR ~ Temp*Prec + Temp*RH + Tree + (1|Species).
 

The model’s total explanatory power was substantial (conditional R2 = 0.32) and the part related to the fixed effects alone (marginal R2) was 0.31. A significant positive effect of rainfall [beta = 12.78, 95% CI (5.47, 20.09), t (543) = 3.44, p < 0.001; Std. beta = 0.21, 95% CI (0.08, 0.33)] was found. The interaction between temperature and rainfall was significant and negative [beta = −0.51, 95% CI (−0.81, −0.21), t (543) = −3.37, p < 0.001; Std. beta = −0.24, 95% CI (−0.37, −0.10)].

Temperature and RH showed a non-significant negative effect, while their interaction was non-significant and positive. The effects of different trees varied considerably, emphasizing differences in their growth patterns. Similarly, the random effects for the variable species indicated that the model accounted for variation among tree species.

The results of two-way ANOVA (see Supplementary file) comparing the effects of different temperature-increase scenarios on GR suggest that both tree and scenario variables, along with their interaction, have a significant main effect on GR (p < 0.05). This assumes that the effect of scenario on GR varies across trees. Pairwise comparisons, which provide a better understanding of the specific differences between the effects of the scenarios on each tree, reveal that trees of the T. superba species would be significantly sensitive to the scenarios predicting a temperature increase of 1.5°C associated with an increase in rainfall. This sensitivity appears as a stabilization throughout the year of the biweekly GR around a value of 197 μm with a standard deviation of 60 μm (Supplementary Figure S6). This would imply continuous growth throughout the year. No statistically significant disparity was observed between the effects of the two predicted scenarios and the observed scenario for the rest of the trees in the database.

In the Gaussian RBF model, fitting the observed annual growth pattern, the highest biweekly-resolved annual growth was generally observed at a mean temperature of 21.9 to 25.5°C coupled with rainfall of 80 to 160 mm, corresponding to the greenish to yellow zone in Figure 5. Minimal growth (pale purple to dark areas) is observed in rainfall ranges below 60 mm coupled with temperatures below 23°C, and in a few isolated areas corresponding to temperatures above 25°C and rainfall above 80 mm. The rest of the temperature-rainfall space is occupied by intermediate GR.
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FIGURE 5
 Biweekly-resolved, radial annual GR in the measured space of temperature and rainfall across all individual trees. GR was quantified as the relative annual contribution to the total annual growth for each tree and ranged from dark purple (no growth, 0%), over yellow (marginal growth, ≥ 8%).





4 Discussion


4.1 Diel patterns of stem radial growth

We found that trees begin to maximize their increment rate from 6 pm (Figure 3A), that is to say from sunset, with individual-specific increment rate peaks between 6 am and 12 am (Figure 3B). This period of the day corresponds to the time when trees are assumed to be better supplied with water and therefore likely to provide the best conditions for exceeding the turgor threshold for cell division and expansion (Taiz and Zeiger, 2010; Steppe et al., 2015; Cabon et al., 2020; Zweifel et al., 2021). We are therefore convinced that it is in this time interval that trees grow preferentially on a diel scale. But given the nature of our data, we cannot say with certainty that all the increment rate peaks we observed corresponded to reversible stem growth.

Photosynthesis is the starting point for tree growth. Its primary phase, which requires light, occurs during the daytime. Chlorophyll, the green pigment in leaves, absorbs light energy and converts carbon dioxide from the air and water from the soil into glucose and oxygen. During cellular respiration, the glucose produced during the day is oxidized and broken down into water and carbon dioxide, releasing energy that is used for growth and other cellular functions (Hart, 2012).

While trees respire continuously, both day and night, the respiration process is more noticeable and can appear to be higher at night. During the daylight period, the oxygen produced by photosynthesis can mask the respiration process because it is being released as a byproduct. At night, the production of glucose and oxygen ceases because there is no light to drive photosynthesis. As a result, respiration becomes the primary metabolic activity and is more pronounced. Trees still require energy for maintenance and growth, which comes from breaking down the glucose produced during the day (Eberhard et al., 2008).



4.2 Annual patterns of stem radial growth

The timing of radial growth onset as well as the timing of its end and the length of the stem radius growth period, fluctuates between trees. The classical clustering designed to highlight the difference between tree behavior is shown in Supplementary Figure S7. The onset of radial growth occurs mainly from the beginning of October to mid-November, while the end occurs mainly from mid-May to mid-June. This is in accordance with the observation made by Angoboy Ilondea et al. (2021) on P. balsamifera. A few trees, however, are exceptions to this rule, some remaining active for the whole of the 2018–2019 phenological year, or most of it (e.g., C. mildbraedii, G. giganteum and F. elastica) and others, mainly found in understory, growing for only a few days of the season (e.g., M. puberula, H. gabunense). Taking into account that several disturbances can be observed in a tree due to its presence in the lower strata of a forest (Hladik and Blanc, 1987; De Mil et al., 2017; Hubau et al., 2019), we believe that the abnormal behavior observed on this tree is due to its presence in the understory. This is accordance with previous studies (Ouédraogo et al., 2013; De Mil et al., 2017; Hubau et al., 2019). The understory is a forest layer with a different energy flow, nutrient cycling, biodiversity and regeneration capacity (Hladik and Blanc, 1987; Gilliam, 2007). It is an environment that can be particularly poor in solar radiation so that the chances of survival can be very reduced for some plants (Hladik and Blanc, 1987; Torti et al., 2001).

The few trees that do not stop growing in dry season, are all evergreen, while all individuals of the deciduous species T. superba and H. gabunense have a clear growth cessation.

We found that large-diameter trees exhibited higher total annual growth compared to small- diameter trees (Supplementary Figure S4). However, it’s widely recognized that, within one species, that young, small-diameter trees typically have higher cumulative GR than larger trees: when the diameter of a tree is analyzed, ring-width decreases in size over the years of formation (Speer, 2010). When comparing different species with different life history strategies, numerous other factors come into play. In the present study, small-diameter trees belonged to slower-growing understory species, while large-diameter trees were predominantly from faster-growing canopy species, which tend to form relatively wide growth rings.

The observed trend in cumulative annual growth variation with dbh can be attributed to the differences in the ecological strategies of the species. Understory trees, characterized by smaller diameters, generally experience lower growth due to reduced light availability, which affects their photosynthetic rate and subsequently cambium activity (Van den Berg et al., 2012). This is especially true for light-demanding species, where individuals in the understory (smaller diameters) are exposed to lower light regimes, resulting in decreased cambium activity and growth (Brienen et al., 2010).



4.3 Climatic driving stem radial growth

We found that, on a diel basis, growth preferentially occurs between sunset and early morning. This is a cooler time of day, with little to no sunshine, more humid under the lowest VPD values (Zweifel et al., 2021), while on annual basis, the growth period roughly coincides with the rainy season, the hottest period of the year. This is in accordance with the results of previous studies on tree growth in a seasonal tropical climate (Trouet et al., 2006; Couralet et al., 2010). Basically, plant growth is largely attributed to a conjunction of climatic variables including, mainly, precipitation, temperature, RH, VPD, solar radiation, atmospheric gases (Wagner et al., 2014), etc. Previous experiments have shown that the rate of photosynthesis is critically dependent on variables such as temperature and light intensity (Feeley et al., 2020; Perez and Feeley, 2020). It is well known that the temperature dependence of photosynthesis varies with the growing environment and species. For each environment, there is a temperature range in which photosynthetic enzymes function at their optimal level, resulting in high rates of photosynthesis. At temperatures outside this range, the enzymes that carry out photosynthesis do not function efficiently, which decreases the rate of photosynthesis (Medlyn et al., 2002; Perez and Feeley, 2020). Although trees form new cells using the carbohydrates produced during photosynthesis, it is not primarily the availability of carbohydrates that limits their growth, but the water tension within them. This is mainly due to the humidity of the air, which is higher at nighttime than during the daytime. Even on moist soils, trees grow mainly at night, because the drier daytime air inhibits their growth (Zweifel et al., 2021).

On a diel basis, during the light phase of photosynthesis, which takes place during the daytime, plants need sunlight and CO2. During the dark phase, which takes place at night, plants have to open their stomata and simultaneously assimilate the glucose synthesized during the light phase. This requires a decrease in temperature and an increase in relative humidity, as high temperature induces transpiration which reduces water potential and turgor pressure in the cambium, both essential for cambial cell division and expansion (Peters et al., 2021). The observed diel patterns in VPD and its correlation with growth dynamics can be attributed to a combination of environmental and physiological factors. The higher VPD during the day compared to nighttime is a consequence of solar radiation and temperature fluctuations. During daylight hours, solar radiation, and temperatures typically peak, leading to increased evapotranspiration rates and subsequently higher VPD. Conversely, at night, without the influence of direct sunlight, temperatures drop, leading to lower evapotranspiration rates and consequently lower VPD (Grossiord et al., 2020; Peters et al., 2021). The Gaussian RBF kernel model indicates that VPD is a significant factor in both seasons. However, its influence is more pronounced during the rainy season. The disparity in VPD values between the dry and rainy seasons can be primarily attributed to differences in atmospheric moisture content. During the dry season, characterized by reduced rainfall and lower relative humidity, the atmosphere holds less moisture, resulting in higher VPD values. Conversely, during the rainy season, increased rainfall and higher humidity levels contribute to lower VPD values. Periods of low shrinkage occur over a longer nighttime duration during the dry season compared to the rainy season, because the dry season in Luki is characterized by lower temperatures than the rainy season. This results in an extended period of cooler diel temperatures conducive to low evapotranspiration.

We obtained significant findings regarding the correlation between weather conditions and tree growth by examining how temperature, rainfall, RH, and VPD influence radial stem growth throughout the phenological year, while considering the effects of individual trees. The model we fitted accounts for a substantial part of the observed variability in radial growth, underlining the importance of environmental variables and individual trees and species effects on tree growth.

Our results revealed that rainfall had a significant positive effect on tree growth, suggesting that higher levels of rainfall promote tree growth. This is often observed in tropical forests with a marked dry season as attested in the pre-existing literature (Worbes, 1999; Vieira et al., 2004; Brienen and Zuidema, 2005; Gliniars et al., 2013). The essential role of rainfall in tree growth explains the time lag between the start of the dry season and the initiation of tree growth, as well as between the end of the dry season and the end of tree growth. However, sensitivity to water stress varies among tree species, depending on their phenological-functional group. While individuals of evergreen species show a certain variability in their sensitivity to drought, individuals of deciduous species appear to be more sensitive to both air and soil drought, as supported by De Souza et al. (2020). For trees that experience growth cessation, this occurs between June and September, the period when the water potential is lowest (Worbes, 1999). Even trees that are continuously active throughout the whole year experience growth decrease during the dry period. However, we found that radial growth starts soon after the beginning of the rainy season and continues until some days or weeks after the beginning of the dry season (Figure 4). This is in accordance with previous research (Worbes, 1999; Angoboy Ilondea et al., 2021) and can be explained as follows: Decrease in rainfall during the dry season leads to a decrease in soil water potential (Spanner et al., 2022). As the dry season progresses, the soil water content decreases and so does the water potential (Kursar et al., 1995). Because of this decrease in water potential, tree growth reduces, depending on the resistance to water deficit of each one. At the most severe part of the dry period, tree water potential reaches a minimum and trees enter a period of cambial dormancy (Worbes, 1999).

The effect of temperature was statistically non-significant and negative on radial tree growth. This indicates that due to its current low variability in Luki, temperature (Couralet et al., 2010) has no effect on tree growth. However, if it were to increase, it might attenuate the beneficial positive effects of rainfall on tree growth, as demonstrated in several previous studies (Doughty, 2011; Locosselli et al., 2020). This explains why we found a statically significant negative effect of the interaction between temperature and rainfall on radial stem growth. Numerous others studies show that certain tropical tree already responds negatively to temperature (Schippers et al., 2015; Anderson-Teixeira et al., 2022). It therefore appears that tropical forests do not react homogeneously to temperature increase, as their reactions vary considerably based on species, sites and geographical regions (Bauman et al., 2022; Chowdhury et al., 2023).

By simulating temperature increases of 1.5°C along with two levels of biweekly rainfall augmentation (25 mm and 50 mm), we highlighted the differing sensitivities of tree species to climate change. Trees of the T. superba species exhibited notable sensitivity to the projected scenarios, unlike trees of the other species: their annual GR remains close to an average value throughout the year (Supplementary Figure S6). It seemed that the rise in rainfall enhanced growth as anticipated, while the rise in temperature continued to show no impact on growth. This implies that if the temperature and rainfall increase forecasted by the WMO were to occur in similar proportions to the scenarios we examined, it could potentially benefit the growth of specific species in Luki, particularly deciduous species. This would allow them to mitigate water stress during the dry season, which had previously hindered their growth.

The study revealed statistically non-significant effects of RH on tree growth. Luki’s hilly landscape and proximity to the Atlantic Ocean results in persistent mists yearlong. In the driest months, a dense cloud cover obstructs solar radiation, leading to a decrease in temperature. These conditions compensate partially for rainfall shortage and maintain a RH favorable to tree growth throughout the year (Sénéchal et al., 1989; Lubini, 1997). Consequently, despite relatively low annual rainfall during the three to 4 months of the dry season (less than 60 mm of rain per month), plants do not suffer severe water stress (Lubini, 1997; Couralet et al., 2013).

The distribution of GR values in the temperature-rainfall space (Figure 5) underscores the impact of the dry season (rainfall below 60 mm), where low GRs are prevalent, sometimes reaching zero. This clearly indicates that not all trees cease growth during this period. Conversely, it also emphasizes the modest growth observed at temperatures exceeding 25°C, despite adequate rainfall levels. These findings are further supported by the observation that the annual growth curves of some trees peak during the dry season (Figure 4) and confirm the inclination of Luki’s trees to cope with the projected rise in temperature and rainfall. Paleoecological data from Africa indicate a non-linear and spatially heterogeneous response to climate change, i.e., little change until a certain threshold is crossed, followed by rapid ecosystem change. It appears that the tropical rainforests of West and Central Africa have remained largely resilient over the last 1,000 years in the face of moderate climate change. Their resilience can be attributed to the diverse and complex natural processes inherent to these ecosystems. It is, rather, the current increase in human impacts and pressures that would assign them an uncertain and unpredictable potential future (Giresse et al., 2023). There is every reason to believe that if trees were to experience growth disturbances in Luki’s forests, deciduous species would be more vulnerable than evergreen species (De Souza et al., 2020).



4.4 Potential limitations of the results

There are some limitations to this study. We maximized species covering and the number of replicates per species is low. Logistically, it was not possible to consider several other factors that could enable to better describe the secondary growth dynamics of the Congo Basin trees under a changing climate. These include the microclimate of each tree, forest stratum (understory or canopy), soil parameters such as soil moisture, rooting depth, simultaneous measurements of stem radius variation on both xylem and bark, and the monitoring of several individuals for each species. We believe that studies over several phenological year, including a larger number of trees per species and combining precision dendrometer monitoring with analysis of cambial activity and leaf phenology monitoring, are needed to provide a better understanding of secondary growth dynamics in the Congo Basin. Emphasis should be placed on understanding the intraspecific heterogeneity of growth responses to as many environmental variables as possible, to identify species or populations that may be more resistant or vulnerable to changing environmental conditions.




5 Conclusion

Our results demonstrate that on a diel basis, tropical trees preferentially grow between sunset and early morning, and on an annual basis, mainly during the rainy season.

The annual growth pattern indicates an overlap of the growing season with the rainy season for most trees. Furthermore, our study highlighted the fact that Luki’s unique weather conditions, due to its hilly relief and proximity to the Atlantic Ocean, shelters the trees from severe water stress and high temperatures, particularly during the dry season. We showed that trees in the Luki Man and the Biosphere reserve possess considerable chance to cope with the predicted increase in global temperature and local rainfall.
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