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Abstract

Key message Isotope variation (6'%0) in wood suggests new insights on growth rhythms in trees growing in tropical
forest with extremely high precipitation, without seasonal droughts or flooding.

Abstract It is well known that growth-limiting factors such as seasonal droughts can induce periodicities in woody tissue
formation of tropical trees. In regions without seasonal droughts or flooding but sufficient water for photosynthesis (ever-
wet tropical forests), rhythmic growth has been previously reported; however, triggering factors remain little explored. Our
objective was to establish tree-ring frequency and probable growing season by analysis of the intra-annual variability of
isotopic ratios in cellulose (8'30 ;s and 8'°C ) and relationships with environmental variables in two tree species
(Humiriastrum procerum and Virola dixonii) growing in an ever-wet tropical forest (Choco region of Colombia, precipitation
7200 mm year‘l, mean annual temperature 25.9 °C), located close to the Pacific Ocean at ca 3° 57’ 12.54" N-76° 59’ 27.96"
W. Here, we report annual rhythmic growth evidenced by radiocarbon analysis, leaf phenology, dendrometer records, and
stable-isotope variation in cellulose. All evidence points to the probable growing season occurring during the least rainy
months for both species. While intra-annual 830,105 values follow a rhythmic variation, 8'°C 0 Variations show a
less clear pattern, probably due to deciduity and remobilization of non-structural carbon stored in previous growing stages.
Furthermore, §"%0 41,105 COVary with relative humidity, vapor pressure deficit, short-wave solar radiation, and temperature
during the least rainy months. In contrast, §'C 105 Values were not significantly correlated with environmental variables.
Our results show that stable-isotope variations in tree rings, even under ever-wet conditions, are valuable for understanding
drivers of tropical tree growth in such conditions.

cellulose

Keywords Dendrochronology - Biogeographical Chocé region - Tropical trees - C isotopes - O isotopes

Introduction

Improving our understanding of how tropical trees grow
and respond to environmental drivers, and produce growth
rhythms, is essential to predict tropical forest dynam-
ics to management and conservation strategies. Despite
high variability in plant growth rates among species and
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environmental conditions, climate is commonly suggested
as the main driver for tree growth (Fritts 1976). In particu-
lar, the seasonality of environmental variables triggers tree-
growth rhythms (Fritts 1976; Schweingruber 1988, 2007).
For example, annual growth rings in many tropical tree
species could be explained by water availability and sea-
sonality as limiting factors (Lisi et al. 2008; Groenendijk
et al. 2014; Brienen et al. 2016; Silva et al. 2016; Schongart
et al. 2017). On one hand, some studies have shown seasonal
droughts as a limiting factor of tree growth and forest pro-
ductivity in most tropical ecosystems (Wagner et al. 2012;
Esquivel-Muelbert et al. 2016). On the other hand, annual
seasonal flooding, as in estuarine or riverine ecosystems, can
induce annual ring formation (Callado et al. 2001; Schon-
gart et al. 2002; Menezes et al. 2003; del Valle et al. 2012;
Parolin et al. 2016). Thus, either water deficit (i.e., drought)
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or excess (i.e., flooding) may negatively affect tropical tree
growth.

The presence of annual tree rings in tropical regions
with high precipitation during the entire year and without
apparent water deficit or periodic flooding (hereafter ever-
wet tropical forests) (Fichtler et al. 2003; Moreno and del
Valle 2015; Giraldo et al. 2020) challenges the aforemen-
tioned assumptions about the factors inducing annual ring
formation in tropical trees. Whereas little is known about
drivers triggering wood phenology and interannual growth
variability in tropical ever-wet forests, some studies based
on dendrometers have found the highest growth increment
occurs during the least-rainy period, and synchronized leaf
shedding occurs during the rainy season or with flushing
new leaves in the early part of the least rainy season (Frankie
et al. 1974; Hazlett 1987; Breitsprecher and Bethel 1990;
O’Brien et al. 2008). In addition, remote sensing indicates
an increase in canopy photosynthetic activity during the
least-rainy period in Amazon wet forests (Green et al. 2020),
implying a reduction in tree growth and forest productivity
during the rainiest months, photosynthetically limited by
both, high cloudiness and excess of precipitation (Restrepo-
Coupe et al. 2013), and suggesting that light and water avail-
ability in concert drive tropical tree growth.

Although the interaction between light and water avail-
ability may drive tree-growth rhythms in tropical ever-wet
forests, the physiological mechanisms behind tree-growth
control under such conditions are poorly understood. To
resolve these uncertainties, the variability in stable-isotope
composition measured with high-resolution sampling (intra-
ring sampling), together with dendrochronology techniques,
would be helpful to differentiate physiological factors
involved in tree growth (Evans and Schrag 2004; McCa-
rroll and Loader 2004; Anchukaitis et al. 2008; Managave
et al. 2010; Managave and Ramesh 2012; Van der Sleen
et al. 2017; Rahman et al. 2019). In particular, stable-isotope
composition of carbon (8'*C) and oxygen (6'%0) in tree-ring
cellulose are complementary in providing evidence about
the ecophysiological responses to environment variations
(McCarroll and Loader 2004).

Isotopic composition of tree rings is not identical to the
isotope composition of their sources of carbon and water due
to the fractionation process during transport or incorpora-
tion in the plant tissue (Farquhar et al. 1982; Roden et al.
2000). However, the signal of the prevailing environmental
conditions remains in tree-ring cellulose and constitutes a
potential proxy for past physiological processes (McCarroll
and Loader 2004; Van der Sleen et al. 2017; Rahman et al.
2019). Variation of 8'30 in tree-ring cellulose is the bal-
ance between the effect of the water source, known as the
amount effect (rainfall and/or soil water/groundwater), and
the evaporative enrichment during leaf transpiration. Evapo-
rative enrichment depends on vapor pressure deficit (VPD),
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leaf transpiration rates, and the degree of oxygen exchange
between exported sugars and stem water during cellulose
synthesis (Roden and Ehleringer 2000; Roden et al. 2000).

Carbon isotope fractionation (A3C) at the leaf level
depends on stomatal conductance (g,) and the ratio of leaf
intercellular and ambient CO, concentrations (C;/C,) (Cer-
nusak et al. 2013). 12CO, molecules have higher diffusivity
than '*CO, molecules resulting in a higher carboxylation rate
of 12C relative to '*C. Therefore, if stomatal conductance is
low (and/or rate of photosynthesis is high), the internal con-
centration of CO, in the leaf will be low, resulting in weak
discrimination against '*C, which leads to high 8'*C values
in wood. Conversely, if stomatal conductance is high and/or
the rate of CO, assimilation via photosynthesis is low, the
high internal CO, concentration allows greater discrimina-
tion against '°C, leading to low 8'°C values (Farquhar et al.
1982; Cernusak et al. 2013). Hence, the variation of 33Cin
tree rings is affected mainly by photosynthetic assimilation
rate and stomatal conductance. In addition, some deciduous
tree species that use non-structural carbon reserves (usually
enriched in '*C) under stress conditions can modify §'°C
values over the period of tree-ring formation (Helle and
Schleser 2004; Ohashi et al. 2009; Cintra et al. 2019).

In previous observations in a Neotropical ever-wet forest
in the Choco region of Colombia (precipitation > 7000 mm
year™!), several species were found to have periodic growth
rhythms evident in tree-ring structures (Giraldo et al. 2020).
These growth rhythms were inferred by independent sources
of evidence such as (1) annual tree-ring synchronization in
multiple tree species, (2) intra-annual variability measured
with dendrometers, and (3) radiocarbon tree-ring dating.
Observations of both positive and negative growth responses
to water and light availability suggest that both excess and
deficiency of these growth factors are responsible for sea-
sonal growth rhythms in some tree species (Giraldo et al.
unpublished). Hence, isotope ratio analysis would be a
complementary tool for understanding the ecophysiological
strategies under ever-wet conditions, without apparent water
deficit or flooding. We assumed that in the ever-wet tropical
forest, tree growth is greater under low precipitation and
high light availability (i.e., reduced cloudiness). On the one
hand, we hypothesized that trees record the water source in
the cellulose 8'%0 variability differently: low values of 5'%0
in the cellulose during the early and late growing season
(i.e., slow or no growth) and higher values of 8'%0 in the cel-
lulose during the middle growing season (near the middle of
the growth ring). Thus, we expected higher 8'80 enrichment
during the least rainy season when precipitation decreases
and light availably increases. On the other hand, we expected
to find greater discrimination against '*C (i.e., more negative
8'3C values), during limited growing periods with high rain-
fall or lower light availability. In this study, we aimed: (1) to
establish tree-ring frequency, (2) probable growing season,
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and (3) the intra-annual radial variability of 8'°C and §'%0
in tree rings of Humiriastrum procerum and Virola dixo-
nii, sampled in a tropical ever-wet forest without droughts
or flooding. In addition, (4) we assessed the relationships
between isotope ratios of tree rings and environmental vari-
ables related to precipitation and light availability. To our
knowledge, this is the first study on isotope signatures in tree
rings under ever-wet conditions. We expect these analyses to
provide new insights into the factors influencing tree growth
under extreme rainfall amounts in tropical forests.

Methods
Study area

The Chocé biogeographic region is a strip of land along
the Pacific coast in northern South America, which extends
about 800 km from San Lorenzo, north of Ecuador, to the
Colombia—Panama border, locally known as the Darién
Gap (Diaz and Gast 2009). The boundaries of the region
are delimited by the southernmost and northernmost mean
positions of the Inter-Tropical Convergence Zone (ITCZ)
where the trade winds converge. Driven by the seasonal
cycle of solar insolation and carrying clouds and rain, every
year the low-pressure ITCZ band migrates through this nar-
row strip from its southernmost position in January until
reaching its northernmost position in July, followed by a
return to the south (Yan 2005; Guzman et al. 2014). Thus,
towards the center of this region, where the study area is
located, the rains induced by the low pressures from south
to north are still falling when the low pressures from north
to south arrive, and it rains again (del Valle 1994; Guzméan
et al. 2014). This is the primary factor that makes this region
the rainiest of the Americas. Another contributing factor to
the high rainfall in this region is the existence two low-level
jet streams, namely, the Caribbean and the Chocé’s (Poveda
and Mesa 2000; Mesa and Rojo 2020). These two jet streams
transport humidity from the Atlantic and the Pacific Oceans
to the Choco region, respectively. Finally, the proximity to
the Pacific Ocean of both the coastal Baudo Range and the
Western Andean Cordillera induces copious orographic
rains throughout the region by the Fohn’s effect (David et al.
2014; Urrea et al. 2019).

Climatologists have described the center of the Choco
as an aseasonal zone according to the mean rains of each
month (Guzmén et al. 2014) or the daily rains (Urrea et al.
2019). In this aseasonal zone, there are 12 localities with
records of more than 8000 mm of mean annual precipitation,
2 with more than 12,000 mm. The town of Lopez de Micay
(2.85° N, 77.25° W) receives more than 13,000 mm year‘l,
the rainiest locality on Earth (Mesa and Rojo 2020). In our
study area, around the Pedro Antonio Pineda Tropical Forest

Center of the University of Tolima (3° 57" 12.54" N, 76° 59’
27.96” W) (Fig. 1), precipitation exceeds 7200 mm year™".
According to the Gaussen xerothermic index (Bagnouls and
Gaussen 1957) and the monthly potential evapotranspiration
(Holdridge 1967), there are no dry months (Walter et al.
1976). The rainiest month is October with 805 mm (28 +2
rainy days), and the least rainy month is February with an
average of 370 mm (19 4 rainy days) (Fig. 1b, c), twice the
potential evapotranspiration (127 mm). The mean tempera-
ture of all months deviates very little from the mean annual
temperature of 25.9 °C (Fig. 1d). Small hills with slopes
up to 45° are frequent, with elevations ranging from 40 to
100 m above sea level. Soil texture is dominantly classified
as clay-loam. In addition, these soils are poor in nutrients
with high iron and aluminum concentrations (Faber-Langen-
doen and Gentry 1991).

Sampled species

In November 2016, we sampled four cross-sectional disks:
two individuals of Humiriastrum procerum (Humiriaceae),
wood specific gravity 0.72, and two individuals of Virola
dixonii (Myristicaceae), wood specific gravity 0.46 g cm™>.
All trees sampled were growing under similar conditions on
small hills, as dominant trees ca. 15-20 m height in a closed
canopy non-flooded forest of ca. 70 years of secondary suc-
cession. This forest is characterized by high tree species
richness, but the number of individuals per species tends
to be very low (Giraldo et al. 2020). In one hectare, Faber-
Langendoen and Gentry (1991) found in these forests, 258
tree species and 675 individuals with a diameter at breast
height> 10 cm. As 675/258 gives 2.6 trees by each species,
this implies that, on average, there are only 2-3 trees of the
same species per hectare, individuals of the same species are
commonly spaced ca. 50-400 m. This circumstance reduces
the potential for sampling multiple individuals per species.

Both sampled species shed their leaves between August
and October (V. dixonii is a semi-deciduous tree). Leaf flush-
ing and new leaves are common from November to Febru-
ary. Little is known about flowering and fruit production of
V. dixonii, but H. procerum flowering occurs from Febru-
ary—March (Personal observations between 2016 and 2021).
The last tree ring in all samples was complete, and some
of them had just begun to form new woody tissue (trees
were sampled in November 2016). These facts allowed us
to assume that the end of each annual tree ring for both
species occurs in October, and the beginning of the new
phenological year starts in November. In addition, based on
herbarium records from Global Biodiversity Information
Facility (https://www.gbif.org/species/), we found that the
presence of both species is mainly restricted to wet forests
of the northwestern region of South America (Ecuador and
Colombia).
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Fig. 1 a Study area in the Low Calima River Basin (square), located
in the Choco Region. The annual precipitation is shown based on
CHELSA data (https://chelsa-climate.org/) (Karger et al. 2017). Mean
monthly: b precipitation (mm). ¢ Rainy days. d Temperature (°C), e
incoming short-wave solar radiation SWR (W m™2) available from
Clouds and the Earth’s Radiant Energy System—CERES (https:/

Growing season based on dendrometer data

Between 2018 and 2019, we installed two automatic den-
drometer bands (Tree-Hugger®, Global Change Solutions)
in one individual per species included in this study. Both
individuals were mature (diameter 17 and 27 cm) growing
in similar conditions as sampled for isotope analysis. Meas-
urements were recorded hourly, and data were downloaded
every 5 weeks until the dendrometers failed. The damage
was attributed to the harsh conditions the electric devices
endured. However, such data allowed us to obtain additional
information about the growing season for each species.

Tree-ring sampling and isotope variability

Growth rings of these two species are well defined in sanded
disks (Fig. 2), characterized by the increase in cell wall
thickness of fibers, producing an abrupt darker area on the
outer edge of the rings (Fig. S1). In both species, wood is
diffuse porous. We measured the tree-ring widths of each
species (three radii for each cross-section). We compared
tree-ring widths among individuals to ensure good crossdat-
ing. Next, we tested the formation frequency of tree rings
using the radiocarbon bomb-peak method by sampling
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ceres.larc.nasa.gov/), f relative humidity (%), and g vapor pressure
deficit VPD (kPa). Precipitation, rainy days, relative humidity and
temperature were obtained from a meteorological station (IDEAM:
http://www.ideam.gov.co/), VPD was calculated from the available
data

particular rings in each cross-section (Fig. 2a) (Fichtler et al.
2003; del Valle et al. 2014). We assumed a priori annual
tree-ring formation and assigned the sampling year as the
calendar year of the last complete ring formed (2016), and
from there, we counted backwards to the pith. We collected
about 20 mg of the wood for radiocarbon analyses from
specific rings: 1991, 2001 and 2008 from H. procerum and
1989, 1992, 2001, 2004, from V. dixoni.

We used the software CaliBomb (Reimer et al. 2004)
with North Hemisphere Zone 2 curve and one smoothing
year function of CaliBomb to obtain the probable calendar
dates from the radiocarbon values. The comparison between
assumed calendar dates and calibrated dates from the radio-
carbon analysis allowed us to establish the tree-ring forma-
tion frequency (del Valle et al. 2014). For the stable-isotope
analysis, we cut one small block of wood ca. 5-mm wide and
10-mm high from each cross-section containing the last five
growth rings closest to the bark (Fig. 2b). After a clear iden-
tification of the boundaries of the rings, we used a scalpel to
slice 0.6 to 0.8-mm-thick segments progressively from the
inside toward the outside of each ring (Fig. 2b). This method
allowed us to divide each growth ring into a different number
of slices (Table S1). Each slice was placed in labeled Eppen-
dorf tubes for the individual cellulose extraction process.
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in slices

Fig.2 Wood samples for radiocarbon and stable isotopes analysis. a
Two sampled tree rings for radiocarbon analysis in one cross-section
of Humiriastrum procerum, Sample A and B: An innermost and the
outermost tree ring, respectively. b A rectangular section used for
cellulose extraction, and the analyses of stable isotopes in one cross-
section of Virola dixonii. L is the length of the section in mm (the

Cellulose was extracted from individual wood samples
(both for radiocarbon and stable-isotope analysis) at the
Radiocarbon Laboratory of the Max Planck Institute for Bio-
geochemistry, following the protocol described by Steinhof
et al. (2017). The first and last procedure involves extract-
ing the samples in a Soxhlet for 12 h with toluene—isopro-
panol (1:1) and HO, respectively. The intermediate steps
include oxidation of lignin in an acidified solution (NaClO,,
CH,;COOH) and digestion of hemicelluloses using an alka-
line solution (NaOH) in micro-filter funnels held in a multi-
port batch-processing manifold (temperature 65-70 °C),
which facilitated the bleaching of the samples and trans-
forming them to pure a-cellulose.

We weighed cellulose samples (0.51-1.01 mg for '*C/'*C
and 0.51-0.64 mg for '80/'°0) in silver capsules, and the
isotopic compositions (8'%0 and 8'*C) were measured using
a Thermo Fisher TC/EA oven coupled to a Delta+ XL mass
spectrometer at the Laboratory of Stable Isotopes of the Max
Planck Institute for Biogeochemistry, Jena, Germany. This
Laboratory uses internal standards calibrated with Vienna
Mean Standard Ocean Water (VSMOW), Standard Light
Antarctic Precipitation (SLAP) and Vienna Pee Dee Belem-
nite (VPDB). Samples were standardized against in-house
standards: ITAEA-601 (8'30: 22.93%¢) Acetanilide (8'°C:
— 30.06%0) and Caffeine (8'°C: — 40.46%0) (Werner and
Brand 2001; Brand et al. 2009). The proportion of isotopes
were expressed in delta (8) notation, relative to the interna-
tional standards, VSMOW for oxygen, VPDB for carbon,
as [5'%0 or 8"°C (%0) = (Ryympie/ Retandara — 1) X 1000], where

h(mm)

value of L is variable among trees, depending on the last five tree-ring
widths). The width of the rectangular section was 5 mm. The height
(h) of rectangular sections was 10 mm. We obtained the slices with a
scalpel and a stereomicroscope. The arrows on the edge of the images
indicate the growth-ring boundaries

R ample and Ryy,4,rq are the proportions of the heavy isotope
versus the light isotope, for the sample and the standard,
respectively. Given the small variation in the isotopic ratios
of the samples with respect to those of the standards, they
are expressed in values per thousand (%o, per mil) (Van der
Sleen et al. 2017). The analytical error (16) of 8'%0 and §'*C
was within 0.2%o.

Environmental data

Monthly records of precipitation (mm), temperature (°C),
rainfall days, and relative humidity (%) were available from
the Bajo Calima Meteorological Station (IDEAM, http://
www.ideam.gov.co/) from 1972 to 2016. We also calculated
the monthly air vapor pressure deficit: VPD (kPa) based on
the temperature and the relative humidity for the available
period. Due to the lack of ground instrumental measure-
ments of solar radiation, we used the mean monthly short-
wave solar radiation (SWR W m™2) between 2000 and 2019
from Clouds and the Earth’s Radiant Energy System—
CERES datasets (https://ceres.larc.nasa.gov/) (Kato et al.
2013).

Assessing amount effect in rainfall

In our study site, there is no isotopic information on

rainwater (e.8., 8 "Opecipitaiion)- However, to assess if
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the amount effect exists in our study area, we used the
database of the Global Network of Isotopes in Pre-
cipitation (GNIP) of the International Atomic Energy
Agency (IAEA). This network has just one data point in
the Choco Region (Tulenapa, Urabd, Colombia). Although
Tulenapa is less rainy than our study area, the source of
rainfall in the region is the same. To check this, we com-
pare Tulenapa and Bajo Calima precipitation, graphically
and via correlation. We ran a correlation between rainfall
and 618Oprecipimﬁon for Tulenapa to establish the existence
of the amount effect in this region. We also selected a pool
of data (SIE;Ol)recipmion vs. precipitation) from other GNIP
lowland tropical areas around the World, characterized
by high rainfall (over 2300 mm year™'). Then, we ran a
correlation (6180precipitation vs. precipitation) for the com-
plete dataset using the monthly precipitation values higher
than 100 mm month~! to determine the effect of different
precipitation levels and to establish the existence of the
amount effect in similar ever-wet tropical areas.

Data analysis

To assess our predictions, we correlated isotope ratios
(8'30 and 6'3C) across tree rings with environmental vari-
ables. First, we used the mean monthly records for precipi-
tation (P mm), vapor pressure deficit (VPD kPa), short-
wave solar radiation (SW Wm™2), and relative humidity
(RH %) as environmental predictors of our hypotheses. We
also included minimum temperature (Tmin °C), maximum
temperature (Tmax °C), average temperature (Tmean °C)
to assess potential thermal effects on 8'0 and §'*C vari-
ation across tree rings. We ordered the months according
to the entire phenological year for each tree species (i.e.,
tree ring starts after leaf flushing in November and ends in
October with the leaf shedding). We grouped the isotopic
composition in two classes, within and boundary ring,
which represent the middle and early plus late growing
season, respectively. This scheme focuses on variability of
isotopic composition across tree rings in only part of the
growing season and facilitates assigning climatic data for
each growing period. For this, we separated isotope values
for each tree ring in four quarters relative to the growing
season (tree rings). We assumed the average of the first
and fourth quarter isotopic ratios within tree rings repre-
sent isotopic ratios at ring boundaries (58'%0,,, and §'*C ;)
corresponding to the early and late growing season. In
addition, the isotopic ratio of the middle growing season
was calculated as the average between the second and third
quarters (isotopic ratios within rings: §'%0,,, and 8'3C,).
Finally, we used the Pearson correlation test to assess the
relationship between isotope series of four sampled radii
(two individuals per species) and environmental variables.

@ Springer

Results
Tree-ring frequency

We tested the isotopic signature of '“C of different tree
rings in all cross-sections. The '*C results in the F'*C met-
ric and their calibrations in the calendar years are presented
in Table 1. The number of years between calibrated dates
was the same as the tree-ring number between radiocarbon
sampled rings; this fact confirms the annual nature of the
tree rings in the sampled species (Table 1). According to
this result, tree rings marked and counted allow us to know
the real age of trees. In addition, crossdating was success-
ful between the tree-ring series sampled for each species
(Fig S2). We found mean significant serial intercorrelation
values of 0.48 for H. procerum and 0.41 for V. dixonii (p
value < 0.05 in both cases). The series intercorrelations rep-
resent the common-level signal recorded in tree rings for the
available tree samples: too few for developing a chronology,
but enough to confirm our stable-isotope observations.

Radial increment during growing season

Our dendrometer measurements between 2018 and 2020
(Fig. 3) provide complementary evidence to our previous
observations of leaf phenology. In both species, radial incre-
ment growth began after a decrease in rainfall (October)
and fast conspicuous growth during the least rainy months
(November—March), when new leaves have matured in both
species.

Intra-annual variability of §'3C and §'30 across tree
rings

We observed a cyclic pattern of §'%0 ratios in tree rings:
high values within tree rings (middle growing season) and
low values tending to coincide with the end of the grow-
ing season (tree-ring boundaries) (Fig. 4). Such seasonal
variation is similar in the two individuals of H. procerum
(Fig. 4b), but not so clear in one individual of V. dixonii
(Fig. 4b). Variability of 8'°C is observed within rings of
H. procerum and V. dixonii, but there is no consistent pat-
tern (Fig. 4c, d). The intra-annual variation of 8'%0 for H.
procerum was from 20.7 to 29.5%o and from 21.8 to 28.3%o0
for V. dixonii (Fig. 4e, f). The range of 8'°C values was
less pronounced and ranged from — 29.5 to — 28.1%o in
H. procerum, and from — 30.6 to — 27.2%o in V. dixonii
(Fig. 4g, h). In H. procerum, the local minimum values of
8'80 coincided with the end tree-ring boundaries (Fig. 4a
dashed lines). In both species, the highest values of §'*C
tend to occur within the tree ring and start to decrease until
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reaching a late growing season minimum (late growing
season). These facts suggest non-random patterns for the
8"80 .¢ju105e» Which are consistent with our expectations.
However, the intra-annual variation of §'3C does not
show such a clear pattern (Fig. 4).

cellulose

Amount effect in rainfall

Due to a lack of data on the isotopic composition of rain
in our study area, we explored the amount effect for the

@ Springer

2014
2015
2016

Growth direction

tropical humid forest with data from the GNIP database.
Tulenapa is the only locality within Chocé region with iso-
topic information on rainwater. We found similar patterns
of mean monthly precipitation between Bajo Calima and
Tulenapa localities (r=0.82, p value <0.05) (Fig. S3a). We
found a negative correlation between 8'%0 in the rain and
the monthly rainfall for Tulenapa (r=— 0.83, p value <0.05,
n=12) which suggests the existence of the amount effect in
this locality, also assumed for the Bajo Calima locality (Fig.
S3b-c). The correlation between §'%0 in the rainwater and
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the monthly rainfall for other high rainfall humid lowland
tropics is also negative for the complete dataset (r=— 0.36,
p value <0.05, n=154), the subset using only precipita-
tion values higher than 100 mm month~! (r=-0.30, p
value <0.05, n=145) (Fig. S3c¢).

Correlations between isotopic ratio
and environmental variables

We found significant correlations (i.e., p < 0.05) between
5'80 isotopic values at both the ring boundary (5'*0,,)
and within tree ring (8'%0,,), with monthly environmental
variables (P, RH, VPD, SWR, Tmean, Tmax, and Tmin)
(Fig. 5). The §'%0,,, values, which represents isotopic
composition for the middle of growing season, were cor-
related (p <0.05) with RH (February: »r=0.47), VPD (Feb-
ruary: r=— 0.46), SWR (November: »r=0.48), and Tmean
(December: r=0.47, January: r=0.44 and November to
January: r=0.45) (Fig. 5). We also observed significant
correlations between 8'%0 isotopic ratios at ring bounda-
ries (618Orb) and PP (November: r=0.50, May: r=0.50,
August: r=0.52 and, August to October: r=0.45), RH
(December: r=0.56), VPD (December: r=— 0.45), SWR
(May: r=—0.47 June: r=—0.56, July: r=— 0.54, and both
November to January: r=0.45 and May to July: r=— 0.54),
Tmean (June: r=— 0.47, July: r=— 0.52 and May to July:
r=—0.47), Tmin (January: r=— 0.47, February: r=0.45,
April: r=— 0.5 and, August: r=— 0.47), Tmax (September:
r=—0.49 and August to October: r=— 0.51). In contrast,
carbon isotopic ratios from cellulose were not significatively
correlated with environmental variables (Fig. S4).

Discussion

Here, we reported annual tree rings and intra-annual iso-
topic signals of from two tree species growing under ever-
wet conditions. Our results are novel and challenge current
assumptions about tropical tree-ring formation and the
effect of environmental conditions on tree growth (Brienen
et al. 2016). On the one hand, our evidence on tree-ring
frequency, leaf phenology, and dendrometer records allow
us to describe the growing season for the two tree species
in this study. Radial tree growth rapidly increases as rainfall
decreases, in contrast to the observed pattern in seasonally
tropical dry forest or water-limited ecosystems (Lisi et al.
2008; Mendivelso et al. 2016). On the other hand, we found
that isotopic ratios, mainly for §'%0, covary with the intra-
annual variation of relative humidity, vapor pressure deficit,
short-wave solar radiation, and temperature in both the ring
boundary and within the tree ring (Fig. 5). Although there
are similar isotopic studies in the tropics (Van der Sleen

et al. 2015, 2017), to our knowledge, this is the first study of
isotopic ratio variation in tropical ever-wet forests.

Our study explores the growth rhythms of the little-stud-
ied ever-wet tropical forest in the Chocé region. Our pheno-
logical observations evidenced that leaf shedding coincides
with the wettest period (August—October), which is also the
lowest insolation period (i.e., low light availability and high
cloudiness) (Fig. 1). This evidence suggests ring boundary
formation occurs between these periods. We observed the
last ring boundary of sampled trees was complete by Novem-
ber 2016 (sampling date). Such observations explain the
annual pattern in tree growth. Moreover, both studied spe-
cies evidenced the highest radial increment during January
to March (Fig. 3). In that period, there is a marked increase
in insolation, which coincides with the least-rainy season
(i.e., less cloudiness and high light availability) (Fig. 1). In
the absence of a distinct day-length signal, dry season, or
seasonal temperature changes at the study site, tree species
might adapt phenology, and consequently growth rhythms,
to the annual course of daily insolation (Calle et al. 2010;
Borchert et al. 2015). In addition, endogenous control of
growth rhythm should be considered as a possible trigger
in tropical tree species from the ever-wet forest (Baker et al.
2017).

The §'80 signature in cellulose helps identify annual
rings and is more effective than 8'3C (Ohashi et al. 2016;
Van der Sleen et al. 2017). While we were able to identify
tree-ring boundaries in both species, we observed periodic
580 signatures that coincided with the border of the rings
and higher values within tree rings (Fig. 4). Some authors
claim that the growth ring delimitation through isotopic sig-
natures is possible only if the annual precipitation pattern
is strongly expressed (Managave and Ramesh 2012; Ohashi
et al. 2016; Van der Sleen et al. 2017). They suggest few
or no isotope signatures in areas where rain falls through-
out the year. However, we found that some tree species can
express variations in the 8'%0 signature of tree-ring cellulose
even under ever-wet conditions. The amplitudes of the intra-
annual variation of 8'%0 and 8'*C in H. procerum are 8.7%o
and 1.41%o, respectively. The magnitude of this amplitude
is similar to that reported by other authors for species that
grow in climates with high seasonal rainfall changes (Pons
and Helle 2011; Ohashi et al. 2016; Cintra et al. 2019).

According to our hypothesis, the highest values of cel-
lulose 8'30 occur within the tree rings (Fig. 4a, b). This
part of the ring section approximately represents the mid-
dle of the growing season when the tree-growth rate is
higher (Fig. 3). In addition, the middle of the growing
season is characterized by the less-rainy months (Fig. 3)
in which environmental 8'80 is high and can magnify tree
8180 enrichment by amount effect (Fig S3) (Risi et al.
2008; Managave and Ramesh 2012). In contrast, lower
values of 8!80 tend to occur close to ring boundaries

@ Springer
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«Fig. 5 The Pearson’s correlation coefficients of the 830105 VETSUS
environmental variables (mean monthly and quarterly means). 8 °O,,:
average of early and late 8'%0 40 (tb: ring boundaries), 5'30,,:
average of 80,1 during the main growing season (wr: within
the ring): a 8'%0,,, and 8180, vs P: precipitation (mm), b 80, and
8'80,, vs HR: relative humidity (%), ¢ 5'%0,,, and 8'®0,, vs VPD:
vapor pressure deficit (kPa), d 8'%0,,, and 8'%0,,, vs SWR: short-wave
radiation (W m?), e-g 8'%0,,, and §'%0,, vs Tmean—Tmin—Tmax;
average of mean, minimum, and maximum monthly temperature,
respectively (°C). *p<0.05. The shaded region highlights the least
rainy months (p <600 mm month™")

(early + late growing season; Fig. 3), where tree-growth
rate is slow due to leaf turnover. Leaf shedding occurs
during the rainiest and lowest solar radiation months,
probably to avoid excess leaf wetness and light deficit
that reduces photosynthesis and increases energetic costs
(Green et al. 2020). In addition, low VPD can reduce leaf
photosynthetic capacity, affecting stomatal functioning,
to maintain adequate water status and probably promot-
ing leaf shedding (Aliniaeifard et al. 2014; Oksanen et al.
2018).

The observed positive correlations between 8'%0,, and
monthly relative humidity, short-wave radiation, and mean
temperature occur during the less-rainy months (Fig. 5)
when the tree-growth rate is higher (Fig. 3). However, we
did not find a correlation of §'®0,,, with monthly precipita-
tion, but also, 618Orb positively correlated with high precipi-
tation (August—October quarter). These results may suggest
that 8'%0 leaf enrichment is not directly related to high tran-
spiration rates and could be related to non-structural carbo-
hydrate remobilization (i.e., starch or sugar) in the wettest
period (Voelker and Meinzer 2017). Furthermore, we found
a weak negative correlation of 880, and §'%0,, with the
vapor pressure deficit (VPD) during the less-rainy periods
(Fig. 5), contrary to our expectations. During the tree-growth
period (i.e., the least rainy season), high stomatal conduct-
ance and transpiration should lead to isotope enrichment;
however, high air relative humidity reduces water loss gradi-
ent from the leaf to air, suppressing enrichment and adding
H,O0 isotopes by foliar water uptake (Goldsmith et al. 2017;
Lehmann et al. 2018; Siegwolf et al. 2021). In addition, high
air RH is related with cloudiness and fog conditions that
commonly reduce light availability and air temperature. In
this way, the 8'%0 of atmospheric water vapor could modu-
late 5'80 of the leaf water, the source water’s isotopic signal,
and ultimately the §'%0__;; 1. (Siegwolf et al. 2021). This
process is underestimated in previous studies because meas-
urements under high air relative humidity conditions and
low VPD are scarce (Goldsmith et al. 2017; Lehmann et al.
2018). Siegwolf et al. (2021) warn that the plant responses
may contradict the current isotopic model fractionation
under extreme conditions by not considering other fractiona-
tion mechanisms of the leaf- and stem-level processes.

Other studies showed that under continuous high soil
moisture, high VPD can increase transpiration and, ulti-
mately, photosynthesis (Huete et al. 2006; Restrepo-Coupe
et al. 2013; Green et al. 2020). High transpiration rate under
high VPD helps to reduce continuous leaf wetness that nega-
tively affects the efficiency of photosynthesis and facilitate
pathogen attacks (Oksanen et al. 2018). On the one hand,
continuous leaf wetness stimulates stomata closure, reduces
carbon assimilation rates and intracellular CO, concentra-
tion, and indeed can produce chronic damage to the photo-
synthetic apparatus (Ishibashi and Terashima 1995). Some
studies have shown that fungal pathogens survive better
under VPD lower than 0.43 kPa. In the study region, VPD
rarely excess 0.4 kPa, suitable environmental conditions to
pathogen development and infestation promoting leaf dam-
age that can ultimately reduce photosynthesis (Prenger and
Ling 2001). In addition, the possible non-structural carbohy-
drate remobilization may be related to photosynthetic tissue
protection and secondary metabolites to reduce pathogen
attack. The effect of leaf wetness on photosynthetic rates in
ever-wet forests and the mechanisms to reduce it should be
tested using experimental approaches.

According to our hypothesis, in both species, the lowest
values of 8!°C tend to occur close to ring boundaries. In
addition, the highest values of 8'3C tend to appear within
the tree ring, but this signal is quite variable. Such varia-
tion of 8'C could be attributable to remobilization of non-
structural carbon (starch, soluble sugars, and lipids) stored
during the growing season, which helps to maintain tree
metabolic functions during periods of carbon limitation
(Herrera-Ramirez et al. 2021), implying a post-photosyn-
thetic fractionation of carbon isotopes (Helle and Schleser
2004; Ohashi et al. 2009; Cernusak et al. 2013). Although,
our two species are deciduous, it is probable that the sam-
pled trees do not experience severe stress or abrupt environ-
mental changes that influence their photosynthetic rate. This
is in contrast to the conspicuous seasonal variations of §'°C
often occurring in trees growing in seasonally dry forests
(water-limited) (Poussart et al. 2004; Ohashi et al. 2009).

Our analyses of stable isotopes are limited by sampling
methods and the number of samples. In particular, during
sectioning of wood samples with a scalpel, the thickness
of the slices is difficult to control and standardize. In addi-
tion, the curvature inherent to the growth layers can induce
errors in dividing the sample into thin sections (Ohashi et al.
2009). We are aware that the isotopic signature is based on
data from only 5 years and with samples taken from four
individuals, two individuals per species. This limits the gen-
eralization of our results but motivates future work to estab-
lish general patterns. Measurements of 8'30 in both local
precipitation and soil water, to link with the environmental
880 into cellulose, should be one of the most important
tasks for future research.

@ Springer
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Our study has confirmed annual growth rings in two
tree species from the ever-wet forests of the Colombian
Pacific: Humiriastrum procerum and Virola dixonii. The
cyclic variations of 8'30_ ;0 Were confirmed, accord-
ing to our expectations. However, it remains unclear which
processes dominate the §'80_;;,0.: Variation of §'%0 from
source water, leaf water enrichment or the 8'%0 of atmos-
pheric water vapor (high air relative humidity). Although the
intra-annual variation of 8'*C 0. Was less conspicuous
and uncorrelated with environmental variables, we did not
rule out the role of carbon remobilization from non-struc-
tural carbon in observed §'°C . 10se- Additional research
is needed to expand this work to other species and obtain
more information on source water isotope endmembers. In
particular, it would be useful to perform isotopic measure-
ments of the meteoric water source. Despite the low environ-
mental variability and highly humid conditions, high-reso-
lution isotope variation in cellulose has proven valuable for
understanding drivers of tree growth. The isotope rhythms
in the tree rings also serve as a basis for delineating growing
seasons, and may be useful for other species in the region,
whose rings may be even less visibly distinct.
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