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Abstract

I.

The occurrence of annual growth rings in tropical trees—the result of the seasonal activity of
vascular cambium—has been explained by seasonal water deficit or flooding periods.
However, little is known about the drivers of annual tree-ring formation under tropical hyper-
humid conditions without clear seasonal dry periods or flooding (ever-wet conditions).
Shelford's law states that the deficit or the excess of environmental resources limit plant
growth. Accordingly, we hypothesize that excess soil moisture, a slight seasonal reduction of
precipitation, and a reduction in light availability, determine rhythmic growth in ever-wet
tropical forests.

We first assessed the occurrence of rhythmic growth n 14 tree species from the
Biogeographic Choc6 Region (annual ranfall 7,200 mm) using three methods: Radiocarbon
("*C) dating (all studied species), tree ring synchronization (4 species that have replicates),
and automatic dendrometers (two species). Then, we assessed the effect of environmental
drivers (rainfall, short wave radiation, temperature, and soil moisture) on tree growth based
on tree ring and dendrometer observations.

We present evidence of annual tree-ring formation i all 14 studied tree species. Depending
on the tree species, we observed positive and negative correlations between growth, water
availability, and light availability. These relationships suggest that both excess or deficit of
environmental resources may explain the seasonal pattern of tree growth. Although we cannot
differentiate between excess soil water and low light availability by high cloudiness, we
suggest that cloudiness frequency could affect tree growth in these forests.

Synthesis. We reveal the annual formation of growth rings in the unexplored wetter-end
tropical forests, where seasonal growth depends on either high soil moisture and hypoxia or

light Limitations by cloudiness and photosynthesis constraints.



Introduction

Carbon storage and sequestration in natural vegetation mitigates the climate effect of
anthropogenic CO2 emissions (Pan et al, 2011). Carbon fluxes are large in tropical forests such
as Amazon forests, however the magnitude of these fluxes change across space according to
climatic conditions (e.g., temperature and rainfall seasonality) and biotic processes (e.g., species
composition) that ultimately control plant CO: fixation (ie., plant productivity) (Muller-Landau
et al, 2021) and respiration. For example, plant productivity is lower in tropical dry forests
relative to humid forest, suggesting rainfall amount as a regional driver of plant productivity
gradients across the tropics (Muller-Landau et al., 2021), but little is known about plant
productivity under higher rainfall amounts (Posada & Schuur, 2011; Schuur, 2003). Therefore,
understanding the drivers of tropical plant productivity at the wetter end of the precipitation

gradient is essential for determining globally relevant carbon dynamics.

In forests, plant productivity is usually studied on permanent sampling plots, both at the
community and at individual plant levels (ie., plant growth) (Babst et al., 2014; Zuidema et al,,
2013). On regional to global scales, carbon sinks are identified employing a combination of
remote sensing data and micro-meteorological measurements combined with ecosystem C
models (Araza et al.,, 2022; Avitabile et al., 2016; Beer etal., 2010; N. G. McDowell et al., 2015).
Individual tree growth data are often necessary to calibrate broad-scale estimations and
understand ecological drivers of plant productivity (Albert et al., 2019; Muller-Landau et al.,
2021; Zuidema et al., 2022; Zuidema & Van der Sleen, 2022). In the tropics, one of the most
important drivers of plant growth is water availability (Esquive-Muelbert et al, 2017; Wagner,
Rossi, Stahl, Bonal, & Hérault, 2012). Many studies have shown that individual plant growth is

reduced under low water availability or droughts, affecting carbon uptake and increase hydraulic



failure (Corlett, 2016; N. McDowell et al., 2018). Likewise, plant growth is also limited by high
water availability such as flooding (i.e., water excess), in which soils are saturated and reduce
their metabolism (Costa, Schietti, Stark, & Smith, 2022; Esteban, Castilho, Melgaco, & Costa,
2021). Therefore, both water availability extremes can limit tree growth (Schuur, 2003).
Extremes of each condition or resources are indeed expected to limit species performance
according to Shelford's law (Costa et al, 2022; Giraldo, del Valle, Sierra, & Melo, 2020;

Shelford, 1931).

Ecological studies mainly focused on the lower limit of water availability gradient because
drought is the main concern under current and future climate change scenarios (Corlett, 2016;
Hammond et al., 2019; Konings et al, 2021). Similarly, understanding how plants respond to
water excess is limited to flooded forests, but there is a paucity of studies n humid forests
receiving high rainfall throughout the year (> 2000 mm y-!) and lacking a dry season (year-round
precipitation > 100 mm month™!, hereafter “ever-wet forests”) (Underwood, Olson, Hollander, &
Quinn, 2014). Considering that climate models predict that precipitation and water availability
will increase in the future, wet regions will get wetter by at least 10% in the wettest tropical
forests (Schurer, Ballinger, Friedman, & Hegerl, 2020). Knowing the response of plant growth
under the wet extreme will give a more nuanced understanding of the responses of tropical forests

as a whole.

Tree growth rhythms are seasonal events occurring in tissues or organs such as meristems, roots,
leaves, and reproductive structures (Albert et al., 2019; Liittge & Hertel, 2009) that are driven by
seasonal climate conditions and soil nutrients (Fyllas etal, 2017). In particular, the seasonality of

vascular cambium development produces visually distinct rings in tree wood, which are helpful



for measuring tree growth. In temperate regions, periodic growth ring formation is commonly
driven by strong annual variability in temperature and day length (e.g., the annual seasons) (Babst
et al., 2018; Pearl et al., 2020; Stine, 2019). In contrast, the stability of day length and
temperature in the tropics highlights the role of water availability (i.e., precipitation seasonality
or flooding) as the main driver of tropical tree-ring formation (Rozendaal & Zuidema, 2011).
Scientific evidence of tropical annual tree rings mainly comes from tree species from both
seasonally dry and seasonally flooded forests (Giraldo et al., 2020), demonstrating that both
water deficit and excess determine seasonal growth patterns (Brienen, Schongart, & Zuidema,
2016; Rozendaal & Zuidema, 2011; J. Schongart, Brauning, Barbosa, Lisi, & Oliveira, 2017).
However, the periodicity of tree-ring formation in ever-wet tropical forests and its potential
drivers remain understudied (Giraldo, del Valle, Gonzilez-Caro, & Sierra, 2022; Giraldo et al.,

2020).

There is already evidence of tree-ring formation in ever-wet tropical forests. Giraldo et al. (2020)
showed a high percentage of tree species with tree-ring structures (66 out of 81 tree species) from
the Choco region in northwestern South America, the rainiest region in the Americas with no
evidence of seasonality in ecosystem productivity (Estupinan-Suarez et al., 2021). While it is not
clear what factors control periodic growth rhythms in tropical trees under such conditions, slight
variation in ramnfall, soil moisture, solar irradiance, cloudiness, and sunrise - sunset times are
hypothesized as potential environmental drivers (Borchert & Rivera, 2001; Breitsprecher &
Bethel, 1990; Clark & Clark, 1994; Giraldo et al., 2022, 2020). Light availability, namely
photosynthetically active radiation (PAR), is a imiting factor in high cloud-cover regions such as
ever-wet tropical forests (Restrepo-Coupe et al., 2013). In the wettest forests, we can expect

extreme light limitation during the rainiest months, which would likely produce an annual pattern



i tree growth. Indeed, tree growth in tropical forests with distinct precipitation seasonality is
limited by light availability during the rainy season (Graham, Mulkey, Kitajima, Phillips, &
Wright, 2003). This implies either reduction in growth and productivity during the rainiest
months because of soil water excess (Costa et al., 2022), or photosynthetic limitation caused by
high cloudiness and precipitation (Restrepo-Coupe et al., 2013). Therefore, in ever-wet forests
that lack a dry season, water availability may be close to the maximum tolerance threshold for
some species. High soil water saturation favors root hypoxia limiting tree growth (Esteban et al.,
2021; Sauter, 2013). Based on these facts, we expect to find negative correlations between the

rainiest months and tree growth in the wettest tropical forests.

Here, we combined different approaches to estimate tree-ring periodicity, such as radiocarbon
dating ('*C measured in tree rings), crossdating (tree-ring synchronization among individuals of
the same species), and dendrometer observations (automated high-resolution stem increment
measurements) on 14 tree species from an ever-wet tropical forest in the Choco region of
Colombia. We hypothesized that light, soil moisture, and slight reductions in precipitation control
tree growth rhythm in ever-wet tropical forests that lack evident dry periods. Therefore, we aim,
to 1) determine the frequency of tree-ring formation in trees, and i) assess the environmental
drivers of tree growth in an ever-wet tropical forest. We expect this information to provide new
msights on the interaction between physiology and environmental drivers of growth rhythms in

ever-wet tropical forests.

Materials and methods

Study area



We carried out this study at the lower Calima River basin (LCRB) (3°57°12.54"" N,
76°5927.96"" W), within the Choco Biogeographic Region in northwestern South America, near
Colombia’s Pacific coast (Figure 1), which is the ramiest region in the Americas. In some places,
the mean annual ramnfall is higher than 12,000 mm (Mesa & Rojo, 2020; Poveda & Mesa, 2000).
In 2018, 26,987 mm of rainfall was recorded in the Yurumangui village, 120 km south of our
study area (Mesa & Rojo, 2020). The high regional precipitation is associated with the low-level
jet stream (tropopause air current) centered around 5°N, known as the Choco Jet (Mesa & Rojo,
2020). Furthermore, the high floristic richness and endemism make the Choco region one of the
most biodiverse hotspots on Earth (Myers, Mittermeler, Mittermeler, Da Fonseca, & Kent, 2000;
Pérez-Escobar et al., 2019). Small hills with slopes up to 45° and elevations 40 - 100 m asl
characterize the topography of the study area. Soils are mottled gray-yellow clay-loam, poor in

soil nutrients, with high ron and aluminum concentrations (Faber-Langendoen & Gentry, 1991).

Tree-ring sampling and frequency determination

We obtained stem cross-sections of tree species sampled opportunistically. We accompanied
local Afro-Colombian ethnic groups that sporadically harvest trees for economic and cultural
activities. Among the collections, we selected 14 species (Figure 2) with both clearly distinct and
indistinct tree rings (Giraldo et al, 2020) to establish their frequency by the radiocarbon bomb-
peak method (del Valle & Giraldo, 2021; del Valle, Guarin, & Sierra, 2014; Worbes & Junk,
1989). A priori, we assumed tree-ring formation was annual for dendrochronological dating.
Then, we assigned the corresponding calendar year to the last ring formed as the sampling year
(2016 or 2017). From the last ring (closest to the bark) to the pith, we determme the
corresponding calendar year by counting backward. We collected wood samples (approx. 20 mg)

from selected rings for radiocarbon analysis. We extracted alpha cellulose following Steinhof et



al, (2017). '4C of sampled wood was determined by the Radiocarbon Laboratory of the Max
Planck Institute for Biogeochemistry in Jena, Germany. We calibrated the radiocarbon results
using CaliBomb (Reimer, Brown, & Reimer, 2004) and the Northern Hemisphere Zone 2 curve.

We smoothed a one-year function to obtain calendar dates from the radiocarbon values.

Intraspecific tree-ring synchronization

To assess tree-ring synchronization, we evaluated multiple individuals (7 > 5 trees) belonging to
four species: Humiriastrum procerum (Hp), Qualea lineata (Ql), Apeiba macropetala (Am), and
Goupia glabra (Gg). We selected conspecific trees growing in similar sites and conditions (light
exposure and slope). Our study area bears an exceptional richness and diversity of tree species
with many endemic and rare species (Gentry, 1989), and accordingly, the population of each
species is typically small. Most tree species sampled are distributed sparsely over the landscape,
which limits the availability of conspecific replicate trees. Samples were prepared according to
standard procedure as described by Speer (2010). High-resolution images of wood cross-sections
(1800-2400 dpi) were obtaned with an Epson Expression 10000XL scanner (Epson America,
Inc), allowing us to observe wood features down to 10-15 pum. We measured growth rings by
combining ImageJ (Fiji, V11.52i) (Schindelin et al., 2012) and R software (R Core Team, 2020).
We cross-dated at both the individual and species levels. First, we compared multiple radii within
the same tree, then we gradually added tree-ring series from other individuals of the same
species, ensuring statistical and graphical synchronization. We use the dplR package (Bunn,

2008, 2010) for quality control, series synchronization, and generation of chronologies.

Intra-annual dendrometer growth measurements



To measure stem increment changes to a high temporal resolution, we installed an automatic
band dendrometer (Tree-Hugger®, Global Change Solutions) on each of 20 trees (height: 25-30
m), with diameters from about 15-30 cm and heights from 1.3 to 3 m above the ground to avoid
buttresses. Measurements were recorded hourly and downloaded every five weeks. Before
installing the dendrometers, we cleaned the stem surfaces to avoid epiphyte proliferation around
the bark. We installed the first ten dendrometers in April 2018. Most of them stopped recording
after several months. We installed a second group in October 2019; most were still working until
our last download in February 2021. Device problems were attributable to the permanently high
relative humidity in the study area. For the dendrometer measurements, we selected two species
with clearly distinct tree rings: G. glabra (n = 6), and A. macropetala (n = 3). In order to obtain
gapless annual dendrometer records, we combine growth-rate-standardized data from replicate
trees within each species. They are included in the analysis of our tree-ring series (see above). As
a first step, we transformed circumference increment data into radial increment data under the
assumption of cylindrical stems. We averaged the monthly stem increment data, thus smoothing
the noise caused by short-term fluctuations of stem girth due to daily changes in soil humidity
and diurnal fluctuations of temperature and radiation. We obtained the mean monthly,

cumulative, and standard deviation of the growth increments for an entire year. We performed all

filter procedures and statistical analyses using R (R Core Team, 2020).

Environmental data

Monthly rainfall data (1947- 2017) and monthly temperature data (1957-2016) were available
from the Bajo Calima meteorological station managed by Colombia’s weather service (IDEAM).
Due to the lack of ground instrumental measurements of solar radiation, we used a satellite-

derived product of mean monthly short-wave solar radiation (SWR, W mr?) available from



Clouds, and the Earth’s Radiant Energy System - CERES (https://ceres.larc.nasa.gov/) (Kato et

al. 2013), as a surrogate for incoming photosynthetically active radiation (2000-2019). The
Normalized Difference Vegetation Index (NDVI, or vegetation ‘greenness’), a proxy for
photosynthetic capacity) was obtained from the MODIS MODI13Q1 product. The NDVI time
series were filtered by removing clouds and low-quality data. We extracted these data from the
MODISTools R package (Tuck et al., 2014). We used a 1km x 1km window centered on the
study site. We selected pixels where forest cover has been maintained for the last 20 years. For
each point, we averaged NDVI data for each month between 2000 and 2019. Finally, we installed
two soil moisture (TDR, Time Domain Reflectometry) and soil temperature stations (Campbell
Sci®) with sensors installed at two depths: 10 and 30 cm, at sites representative of the study tree
environments, logging at 30 min frequency between 2018 and 2020. Sensor representation of soil

water content was calibrated according to Frumau et al. (2006).

Data analysis

To determine the frequency of tree-ring formation, we first compared calibrated dates and
dendrochronological dates using a linear model. Counting the number of rings between two dated
rings allowed us to establish their frequencies (del Valle et al., 2014)). Second, we evaluated tree-
ring synchronization within species with standard dendrochronological metrics: The series
mtercorrelation, which measures the strength of a common signal in all sampled trees, and the
mean correlation coefficient among tree-ring series (), which is an indicator of signal strength
similarity (Cook & Pederson, 2011; Speer, 2010). We also used the expressed population signal
(EPS) metric, which measures shared variability within a chronology. Values below 0.85 suggest
few trees dominate the signal (Speer, 2010). The Signal-to-noise ratio (SNR) measures the

amount of the desired signal recorded in a chronology (Cook & Kairiukstis, 1992; Speer, 2010).


https://ceres.larc.nasa.gov/

Mean sensitivity is a measurement of variability in tree ring widths, values ranging between 0.2

and 0.4 are considered sensitive enough for climate reconstruction (Speer, 2010).

To assess the relationship between the frequency of tree-ring formation and environmental
parameters, we used the R-package Treeclim (Zang & Biondi, 2015) to perform bootstrapped
correlation analyses between tree-ring chronologies and the following variables: mean monthly
precipitation, mean monthly temperature, and SWR (W m2) in annual sets, from September to
August (phenological year). We chose September-August as the phenological year based on our
field observations: leaf turnover between September to February and flowering between
February-May. We used the NDVI time series as complementary information to support
phenological changes in the canopy for the study area. Finally, to assess the effect of
environmental drivers on intra-annual tree growth, we used a cross-correlation test between
monthly dendrometer series from two species (G. glabra and A. macropetala) and these
variables: monthly data of precipitation, soil water content, short-wave radiation (SWR), and

temperature.

Results

Frequency of tree-ring formation

We observed a tight correlation between '“C calibrated tree-ring dates and dendrochronological
dates derived by counting rings backward from the sample date and assuming annual frequency
(36 samples from 14 species combined, R’ =0.99, p <0.001, Figure 3 and Table S1). According
to this result, in the 14 species tested, tree-ring formation occurs annually (Table S1, Figure S1
and Figure S2). Four species with a single dated ring were also consistent with annual periodicity

i tree-ring formation. The absolute difference between all radiocarbon vs. dendrochronological



dates was within a one-year margin (mean = 0.44-year, sd. ==+ 0.31-year) (Figure 3). The
phenological year usually does not coincide with the calendar year. This mismatch can produce
the observed small differences in Figure 3. In just one sample of Tachigali colombiana (Tc), we
found the highest deviation (1.5 years) between calibrated '*C and dendrochronology dates
(Figure 3b). This error is likely due to sampling by taking some wood from an adjacent ring.
However, the annual nature of the tree rings of this species is confrmed both in tree rings of the

same individual and from other trees of the same species (Figure 3).

Tree-ring synchronization

Four species, H. procerum, Q. lineata, A. macropetala, and G. glabra, with a sample size
between 5 and 12 trees growing under similar conditions, were successfully cross-dated. Despite
the small sample available, we confirmed the synchronization of the tree rings (Table 1). Two
species with the highest number of replicates, Q. lineata, and G. glabra, presented suitable values
of serial correlation (0.42 — 0.46, p <0.05, respectively), running r-bar (0.36 — 0.31, respectively)
and EPS (0.87 — 0.89, respectively) (Table 1). The other two species had the highest and the
lowest mean series correlation: A. macropetala (0.49, p < 0.05) and H. procerum (0.41, p <0.05),
respectively. Both species also revealed low EPS values (Table 1). H. procerum and G. glabra
are prone to form wedging rings close to wounds, where tree rings usually vanish. We carefully
avoided those sectors in cross-sections when delineating and measuring growth rings. Figure 4

represents tree-ring chronologies generated for these species.

Tree-ring series vs. environmental variables
Chronology-climate correlations differed between species (Figure 5). H. procerum showed a

negative association with September precipitation of the previous year (r =- 0.33, p <0.05) and



with mean precipitation from September-October of the concurrent year (» = - 0.35, p <0.05)
(Figure 5a). The chronology of this species was also significantly correlated with shortwave
radiation from the previous October and concurrent January (October: » =-0.54, p < 0.05;
January: »=0.66, p <0.05), and it also correlated with mean short-wave radiation from the

previous December to concurrent April (= 0.56, p <0.05) (Figure 5e).

The growth of Q. lineata was significantly and positively associated with January precipitation of
the current year (» = 0.38, p < 0.05) and with mean precipitation from September (previous year)
to January (= 0.28, p <0.05) (Figure 5b), but negatively correlated with shortwave radiation of

the previous December (» =-0.45, p <0.05) (Figure 5f).

The chronology of A. macropetala was negatively correlated with June and July precipitation of
the concurrent year (June: »=-0.58, p < 0.05; July: »=-0.34, p <0.05) (Figure 5c) and with
mean precipitation from concurrent May to current September (r =-0.44, p <0.05) (Figure 5c).
Also, positively correlated with shortwave radiation of the previous October, previous November,
concurrent March and concurrent April (October: »=-0.65, p <0.05; November: r=-0.61, p <
0.05; March: »= 0. 68, p <0.05; April: »=0.59, p <0.05) (Figure 5g). The chronology of this
species was also correlated with the mean concurrent year’s shortwave radiation from January to

May (r =0.77, p < 0.05) (Figure 5g).

The tree-ring chronology of G. glabra was positively associated with May, July and August
precipitation of the concurrent year (May: » = 0.23, p <0.05; July: »=0.40, p <0.05; August: r =
0.31, p <0.05), and positively correlated with mean precipitation from May to October of the

concurrent year (r = 0.43, p <0.05) (Figure 5d). Its growth was negatively correlated with



shortwave radiation in March of the concurrent year ( =-0.42, p <0.05) and with mean
shortwave radiation from January-June of the concurrent year (r =-0.36, p <0.05) (Figure 5h).

Temperature had non-significant associations with the analyzed chronologies (Figure S3).

Dendrometer growth vs. environmental variables

Dendrometer measurements provide evidence of similar intra-annual growth rhythms in the two
species with a temporal offset of approximately three months (Figure 6 and Figure S4). A.
macropetala showed a four-month of peak cumulative growth from February to May, while G.

glabra showed a similar four-month period of peak cumulative growth from May to August

(Figure 6a).

Dendrometer measurements provide evidence of ntra-annual growth rhythms occurring
differently in the two studied species (uncoupled growth) (Figure 6a). A. macropetala growth is
evident from January to August, followed by a shrinkage (contraction) of the stem from August
to October. Growth then increases again from November to December. These results suggest that
the growth cycle begins in November of the previous year and ends in August of the current year.
Dendrometer data from G. glabra revealed no growth and slight shrinkage from January to
March, followed by growth from April to October, then an abrupt shrinkage and no growth from
October to December. In summary, the two species have similar patterns of growth phenology

but with a three-month offset. Thus, the phenological year starts in March and ends in February.

Figure 6a shows variations in tree growth and some environmental factors throughout the year.
We assessed by cross-correlation analysis time-lagged correlations between growth and

environment (Figure 6b). In both species, cumulative growth positively correlated with



precipitation with no time lag for G. glabra and a two-month lag for A. macropetala (Figure 6b).
The relationship between SMC and both species presents the highest significant correlation value
with a lag of 2 months (Figure 6b). A significant negative correlation, with 2 and 3 months
lagged, was observed between G. glabra and SWR (Figure 4b); no relationship was observed

between A. macropetala and SWR (Figure 6b).

Discussion

Our results show, for the first time, the prevalence of annual tree rings in ever-wet tropical forests
and their potential association with environmental conditions. We present evidence of annual
tree-rings in all 14 studied tree species (Figure 3). This is the first report of annual tree rings for
Inga acreana, 1. rubiginosa, Mabea sp, Otoba latialata, Pterandra ultramontana, Qualea lineata,
and Tachigali colombiana. This paper adds new species (some endemic to the Choco region) to
the 284 tropical tree species previously reported in tree-ring databases (Locosselli et al., 2020).
Our findings i the rainiest forest of the Americas challenge the assumption of a lack of seasonal
growth and the absence of tree rings in trees from wetter-end environments (De Micco et al.,

2019; Schweingruber, Borner, & Schulze, 2008).

We hypothesized that rainfall seasonality influences annual tree rings through a direct negative
effect of water excess on tree growth. We found partial support for this hypothesis from our
results based on tree-ring synchronization in two species. In H. procerum and A. macropetala,
tree-ring indices were negatively correlated with the rainiest season of the year (Figure 5). In
addition, the maximum growth rate of 4. macropetala occurred during the less rainy season, and
growth stopped during the rainiest season (Figure 6). Both species are also deciduous during the

rainiest period between July and October (CONIF, 1996). Reduced growth may be driven by soil



saturation, leading to root hypoxia (Dezzeo, Worbes, Ishii, & Herrera, 2003; Esteban et al.,
2021), similarly as in Amazon floodplains. Annual seasonal root flooding coincides with leaf
deciduousness, reduced growth, and tree ring formation (Jochen Schongart, Piedade,
Ludwigshausen, Horna, & Worbes, 2002). High soil moisture likely Lmits, during the wettest
months, the growth of trees at our site due to root hypoxia. However, our field measurements
evidenced little intra-annual variation of soil moisture content, following the annual ranfall
pattern (0.59 £ 0.003 cm? cm3) (Figure 6a). This suggests that the high soil moisture and its

effect on root hypoxia are unlikely to explain seasonal patterns in tree growth.

Alternatively, reduced light caused by high cloudiness during rainy periods may cause seasonal
reductions in tree growth (Restrepo-Coupe et al., 2013; Saleska et al., 2016; Wu et al., 2016). In
both species (H. procerum and A. macropetala), tree-ring indices negatively correlated with the
rainiest season of the year. Conversely, they positively correlated with solar radiation during the
less rainy months of the year (Figure 5). Based on dendrometer data for A. macropetala, the
maximum growth rates occur during the less rainy months, and growth stops during September -
October, the rainiest months, and is weakly related to solar radiation (Figure 6). These tree
species may have developed strategies to maximize theirr carbon uptake (i.e., photosynthetic
activity) during short periods of relatively high solar radiation. Accordingly, we would expect
high leaf flushing i the less rainy months (Saleska et al., 2016); or leaf shedding during the
rainiest months to avoid low solar radiation levels. In contrast, NDVI increased after the less
rainy period (Figure 1le), with higher solar radiation potentially promoting leaf production of the
light-limited tree species (Restrepo-Coupe et al., 2013). Further work is required to assess
potential mechanisms relating light limitation to the seasonality of growth in ever-wet tropical

forests, including phenological observations (e.g., in-situ phenocams), leaf-level CO: assimilation



rates, seasonal variability of non-structural carbohydrates and remote sensing estimates of the

phenology.

Multiple sources of evidence (ecological, satellite, eddy covariance and phenocam observations)
have shown a strong role of solar radiation in non-water limited forest trees (e.g., ever-wet
forests) as a driver of photosynthetic activity (Restrepo-Coupe et al., 2017; Saleska et al., 2016;
Wu et al,, 2016). Uribe et al. (2021) found that photosynthetic activity in wet forest across the
tropics is positively related to solar radiation. High cloud cover during the rainiest months
reduces solar radiation. Thus, a negative correlation between rainfall and tree growth would be
expected. Also, Wu et al. (2016) showed a relationship between mature leaf phenological phases
with dryer months across Amazonian wet forests. Similarly, Green et al, (2020) found that
vegetation greenness based on NDVI was positively correlated to the driest period in the wettest
regions of the Amazon basin, interpreting their results as the combined effect of high solar
radiation and high vapor pressure deficit. These two combined variables facilitate leaf
transpiration and, ultimately, leaf photosynthetic activity. Then, our results are consistent with
other studies about the role of light availability and likely cloudiness as limiting factors of forest

productivity in ever-wet forests.

In contrast to the species discussed above, Q. lineata and G. glabra showed a positive
relationship between growth rate and soil water availability. In these species, the tree-ring indices
positively correlated with precipitation of the rainiest months (Figure 5). Soil water excess and
low solar radiation could be imiting growth factors for some tree species in this region, but
certainly not for the entire tree community, as showed in the results from this study. In some

species, tree-ring formation may be genetically determined and expressed independently of



environmental seasonality (Baker, Santos, Gloor, & Brienen, 2017). Adaptations of tree growth
seasonality may have arisen in distinct environments, different from the Choc6 region where our
study individuals occur. This idea is supported by reports of annual tree-ring in six of our tree
species growing under contrasting environmental conditions: C. racemosa, A. macropetala and
C. elastica have been reported in tropical seasonal forests (Brienen et al, 2009; Cintra et al.,
2013; Soliz-Gamboa et al, 2011); H. brasiliensis, S. globulifera, and G. glabra were reported in
seasonal moist or flooded forests (Callado, Da Silva Neto, Scarano, & Costa, 2001; Lotfiomran &
Kohl, 2017; Ohashi, Sahri, Yoshizawa, & Itoh, 2001; Oliveira et al., 2014). Also, G. glabra and
Q. lineata are widely distributed across the water availability gradient (Fig. S5). G. glabra is a
long-lived pioneer tree with broad physiological tolerances to water and light availability (Huc,
Ferhi, & Guehl, 1994; Santos, Santos, Nascimento, & Tabarelli 2012). Q. lineata is a shade-
tolerant species distributed through most of the Choco region, but Qualea genus is broadly
distributed in South American forests, from dry to wet forests (Fig. S5), indicating that the same
tree species could express annual tree-rings under contrasting environments. These observations
suggest that tree-ring formation could be genetically controlled overriding seasonal
environmental drivers. In this way, some tree species that recently colonized ever-wet tropical
forests can express tree ring due to the genetic conserved response to their original precipitation
regimes. Then, tree ring formation and their response to environmental drivers should be
evaluated on multiple populations of the same species to determine their environmental and

genetic components.

Our study provides evidence of annual growth rhythms and tree-ring formation in ever-wet
tropical forests. Previous dendrochronological studies have discovered annual rhythms in growth

rings of trees and shrubs distributed around many different tropical ecosystems: from mangroves



to the limit of woody vegetation at about 5,000 m asl; from woodland savannas to dry and
flooded forests (Brienen et al., 2016; Franco-Ramos, Stoffel, & Ballesteros-Céanovas, 2019; Kerr,
Horn, Grissino-Mayer, & Stachowiak, 2018; Locosselli et al, 2020; Requena-Rojas, Amoroso,
Ticse-Otarola, & Crispin-Delacruz, 2021; Rodriguez-Caton et al., 2021; J. Schongart et al.,
2017). Here we include new evidences of annual tree-ring in the last unexplored frontier, the ever-

wet tropical forests.

We found that tree growth rates are limited in the raiiest period, in these ever-wet environments,
n agreement with the expectations from Shelford's law. However, the environmental drivers
affecting tree growth could be direct because of high soil moisture for root functioning (i.e.,
hypoxia), or indirect via light limitation caused by high cloudiness. In addition, some tree species
can maintain a positive correlation with rainfall under these ever-wet conditions, suggesting the

role of genetic controls and local adaptation.

Our results support the hypothesis that tree growth is reduced at the wetter-end of the
precipitation range due to multiple environmental factors. These findings challenge the
established paradigm of no tree-growth seasonality in the wetter-end tropical forests, which has
direct implications for satellite biomass growth estimates and current global vegetation models
that aim to simulate the tropical carbon sink under climatic change. The humped relationship
between forest productivity (ie., wood formation) and precipitation should be included in global
vegetation models improving the CO2 assimilation rate in the ever-wet forests (Friend et al.,
2019) that represent at least 30% of the current tropical ecosystems in the world (Underwood et

al, 2014).
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Figure Legends
Figure 1 Description of the study area. (a) Mean annual precipitation in South America with the
Choco Region (yellow-blue represents from dry to wet) enclosed in rectangle and the study site

i the lower Calima River Basin (LCRB) in a smaller red rectangle (data from https:/chelsa-


https://chelsa-climate.org/

climate.org/) (Karger et al., 2017). (b) Walter and Lieth climate diagram for the site
meteorological station: Bajo Calima from Institute of Hydrology, Meteorology, and

Environmental Studies of Colombia — IDEAM (http//www.ideam.gov.co/). (¢) Box and whisker

plots for monthly rainfall days data from the meteorological station, (d) Box and whisker plot for
monthly values of incoming short-wave solar radiaton SWR (W m?) (from Clouds and the

Earth’s Radiant Energy System — CERES; https:/ceres.larc.nasa.gov/) (Kato etal, 2013) and (e)

Box and whisker plots for Normalized Difference Vegetation Index (NDVI) (Modis/Terra

vegetation indices; https//Ipdaac.usgs. gov/products/mod13q1v006/).

Figure 2 Wood anatomical features of tree rings in sampled tree species. (a) Hp: Humiriastrum
procerum (Humiriaceae), (b) Ql: Qualea lineata (Vochysiaceae), (c¢) Am: Apeiba macropetala
(Malvaceae), (d) Gg: Goupia glabra (Goupiaceae), (e€) Ma: Mabea sp (Euphorbiaceae), (f) Ol
Otoba latialata (Myristicaceae), (g) Pu: Pterandra ultramontana (Malpighiaceae), (h) Ir: Inga
rubiginosa (Fabaceae), (i) la: Inga acreana (Fabaceae), (j) Hb: Hevea brasiliensis
(Euphorbiaceae), (k) Ce: Castilla elastica (Moraceae) (I) Cr: Clarisia racemosa (Moraceae), (m)
Sg: Symphonia globulifera (Clusiaceae), (n) Tc Tachigali colombiana (Fabaceae). Arrows in the
margin indicate the ring boundary. Tree rings are defined by the mtra-annual variations of wood
density (a, b, ¢, d, e, f, k, n), and both by intra-annual variation of wood density and bands of

marginal parenchyma (g, h, 1, j, L m). See details on the anatomy mn Giraldo et al., (2020).

Figure 3 (a) Relationship between dendrochronology date and calibrated radiocarbon date (n =
36) from 14 species: Am: Apeiba macropetala, Ce: Castilla elastica, Cr: Clarisia racemosa, Gg:
Goupia glabra, Hb: Hevea brasiliensis, Hp: Humiriastrum procerum, la: Inga acreana, In: Inga

rubiginosa, Ma: Mabea sp, Ol: Otoba latialata, Pu: Pterandra ultramontana, Ql: Qualea lineata,


https://chelsa-climate.org/
http://www.ideam.gov.co/
https://ceres.larc.nasa.gov/
https://lpdaac.usgs.gov/products/mod13q1v006/

Sg: Symphonia globulifera Tc: Tachigali colombiana (see Table S1, Figure S1-S2). The whiskers
in dots are the standard deviation of each calibrated radiocarbon date. The dotted line is the fitted
linear model (b) The histogram represents the difference between corresponding dates

(calibrated and dendrochronological dates).

Figure 4 Tree-ring chronologies generated in this study: (a) Hp: Humiriastrum procerum, (b) QI
Qualea lineata, (c) Am: Apeiba macropetala, (d) Gg: Goupia glabra. The chronology index is
represented in black. The blue area represents the number of replicate series (sample depth) for

each year.

Figure 5 Bootstrapped correlations between tree-ring chronologies and environmental variables.
The two rows of panels represent, respectively, the chronology correlations with precipitation and
short-wave radiation (SWR) in W m. (a) to (d) represent the chronology of each species and
their correlations with precipitation. (e) to (h) represent the chronology of each species and their
correlations with SWR. Species codes are Hp: Humiriastrum procerum, Ql: Qualea lineata, Am:
Apeiba macropetala and Gg: Goupia glabra. Lowercase months refer to the previous year.
Months in capitals refer to the concurrent year. Black dots indicate significant correlation (p <

0.05).

Figure 6 (a) Comparison between mean monthly growth for two species (Am: Apeiaba
macropetala, and Gg: Goupia glabra) and environmental factors (Precipitation in millimeters,
Soil moisture content-SMC expressed in volumetric units cm® cmr® and Short-wave radiation-
SWR in W nr?). (b) cross-correlation finction between tree species and the same environmental

factors. The gapless annual dendrometer records become from different individuals: n =3 (4.



macropetala) and n = 6 (G. glabra). Grey shading: represents the least rainy months which not

implying water deficit. Black dots indicate significant correlation (p < 0.05).



Table 1 Descriptive statistics of four cross-dated tree species from the low Calima River Basin. r:
mean series intercorrelation. rbar: running bar; EPS: expressed population signal; SNR: signal-

to-noise ratio. MS: mean sensitivity. *(p < 0.05).

Humiriastrum Qualea Apeiba Goupia
procerum linneata macropetala glabra
Timespan
(years) 1943-2016 1960-2016 1984-2016 1938-2019
Sampled trees
(series) 6 7 5 12
Diameter
range (cm) 15-50 10-60 45 - 50 10-30
Ring width and
deviation (mm) 2.4 +1.3 3.7+£2.1 8.3+6.1 1.8+1.1
Interseries
correlation (r) 0.49%* 0.46%* 0.41%* 0.42%
rbar 0.28 0.36 0.31 0.32

EPS 0.82 0.87 0.83 0.89
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Table 1 Descriptive statistics of four cross-dated tree species from the low Calima River
Basin. 7: mean series intercorrelation. rbar: running bar; EPS: expressed population signal;

SNR: signal-to-noise ratio. MS: mean sensitivity. *(p < 0.05).

Humiriastrum Qualea Apeiba Goupia
procerum linneata macropetala glabra
Timespan
(years) 1943-2016 1960-2016 1984-2016 1938-2019
Sampled trees
(series) 6 7 5 12
Diameter
range (cm) 15-50 10-60 45 -50 10-30
Ring width and
deviation (mm) 2.4 +1.3 3.7+£2.1 83=+6.1 1.8+1.1
Interseries
correlation (r) 0.49%* 0.46* 0.41* 0.42%*
rbar 0.28 0.36 0.31 0.32

EPS 0.82 0.87 0.83 0.89





