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Intra-annual tree growth responds to micrometeorological variability in

the central Amazon

Saul Alfredo Antezana-Vera ",
Ricardo Antonio Marenco ?

Introduction

The Amazon rainforest covers a large
area (about 5.3 x 10° km?) and plays an im-
portant role in the global carbon and water
cycle, storing about 86 Pg C in total bio-
mass (Saatchi et al. 2007, Marengo et al.
2018). Even when an increase in atmo-
spheric CO, can enhance the ecosystem
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Intra-annual distribution of precipitation in central Amazonia leads to a short
mild dry season, which is associated with an increase in irradiance and tem-
perature and a decline in relative humidity; however, the independent effect
of each individual climatic variable on tree growth is still under investigation.
The objective of this study was to determine how tree growth (inferred from
radial stem increment) responds to monthly variations of micrometeorological
variables in the central Amazon. During five years (2013-2017) we measured
tree growth in 51 trees from nine species and, above the forest canopy, col-
lected environmental data, such as photosynthetically active radiation (PAR),
air temperature (T), precipitation, air relative humidity (RH), air vapor pres-
sure deficit (VPD), reference evapotranspiration (ET.), and soil water content
(SWC). We used principal component regression to evaluate the effect of mi-
crometeorological variability on tree growth. Mean tree growth across species
was responsive to variations in almost all the micrometeorological variables
examined, with the exception of mean and minimum temperature, maximum
RH, and minimum VPD. Mean tree growth across species increased with in-
creasing precipitation, RHnean, RHmin and SWC, while it decreased with increas-
ing PAR, T, and ET,. It was also shown that an increase in VPDmean and VPDnmax
has a negative effect on tree growth. These results contribute to improve our
understanding of effect of climate variability on tree growth, and shed light on
the potential effect of severe droughts in the central Amazon.
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photosynthesis (Lloyd & Farquhar 2008),
the impact of droughts can alter the in-
tegrity of the rainforest ecosystem in the
Amazon region (Marengo et al. 2018). Tree
growth is defined as the gain in biomass
and is often estimated by measuring the
stem diameter increment over time (Silva
et al. 2003 Wagner et al. 2012, Méndez
2018). It can be limited by several factors,
including nutrient availability, irradiance,
precipitation and soil water content. Varia-
tions in irradiance (Wagner et al. 2014,
Rowland et al. 2014), precipitation (Mén-
dez 2018, Yang et al. 2018), and leaf nutri-
ent content (Mendes et al. 2013) have been
reported to affect either photosynthesis or
tree growth in the Amazon region. In cen-
tral Amazonia the positive effect of precipi-
tation on tree growth is less evident or not
significant in the wettest years (Silva et al.
2003, Dias & Marenco 2016), because the
cloudiness associated with the rainy sea-
son, greatly reduces incoming radiation.
Actually, in the wettest part of the Ama-
zon (north and central Amazon), it has
been reported that ecosystem photosyn-
thesis tends to increase in the dry season,
following a slight increase in vapor pres-
sure deficit (VPD — Green et al. 2020). Like-
wise, Rowland et al. (2014) also reported
that at an eastern Amazonian forest with a
strong rainfall pattern, carbon accumula-

242

tion was greater in the dry season than in
the wet season, in that case, accompany-
ing an increase in solar radiation. The effect
of temperature on tree growth is also still
to be elucidated. For instance, Laurance et
al. (2009) reported that in the central Ama-
zon tree growth increased with an increase
in maximum temperature (Tnm.), while the
opposite was found by Méndez (2018).

In the central Amazon, evapotranspira-
tion (ET) tends to increase in the dry sea-
son (Judrez et al. 2007, Hasler & Avissar
2007, Costa et al. 2010, Antezana-Vera &
Marenco 2020). A rise in VPD and transpira-
tion during the dry season can lead to a
drop in stomatal conductance (and hence
in photosynthesis), as stomatal conduc-
tance often decreases with increasing VPD
(McDowell & Allen 2015). While in south-
eastern Amazonia a sustained increase in
VPD seems to be the trend of last three
decades, in the north and central Amazon,
a substantial increase in VPD has only been
reported during prolonged dry seasons
(Barkhordarian et al. 2019). Indeed, the in-
crease in VPD observed during the drought
of 2015 was associated with a drop in sun-
induced fluorescence, an indicator of pho-
tosynthesis over the whole Amazon region
(Yang et al. 2018).

Although much research has been carried
out to assess the effect of climatic parame-
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ters on tree growth in tropical rainforest
(Wagner et al. 2014, Dias & Marenco 2016,
Méndez 2018), there is still no consensus
on the relative importance of each individ-
ual climatic parameter on tree growth. In
fact, as the climatic variables are corre-
lated, the individual effects of climatic vari-
ables on tree growth or plant functioning
are difficult to be demonstrated (Grossiord
et al. 2020). Therefore, to evaluate the rela-
tive contribution of each climatic variable
on tree growth, it is essential to remove
the effect of collinearity. This is important,
because in tropical rainforests the effect of
micrometeorological variability on tree
growth can be as low as 9% of the total
variance (Wagner et al. 2012). An accurate
estimate of the effect of micrometeorolog-
ical variability on tree growth is of para-
mount importance because of the great in-
fluence of the Amazon forest on the global
carbon balance and water cycle. The main
objective of this study was to determine
how tree growth (as inferred from radial
stem increment) responds to monthly vari-
ations of micrometeorological variables in
the central Amazon. In this study we hy-
pothesize that, in the central Amazon,
mean tree growth positively responds to
an increase in vapor pressure deficit (VPD),
temperature and photosynthetically active
radiation (PAR), and negatively to an in-
crease in precipitation.

Materials and methods

Study site

The study was conducted at the Tropical
Forest Experiment Station (ZF2 Reserve),
located at a terra-firme rainforest plateau
in central Amazonia, about 60 km north of
Manaus (02°36'21" S, 60° 08" 11" W, =120 m
above sea level). In this area the leaf area
index varies from 4.7 in dry season to 5.0 in
the wet season (Mendes & Marenco 2010)
and tree density is high. In a tree inventory
conducted in the central Amazon, Rankin-

De-Mérona et al. (1992) found a tree den-
sity (>10 cm diameter at breast height —
DBH) of 636 trees per ha, canopy height
was 35-40 m (most of trees with < 30 cmin
diameter), while the mean stem length
(height to the first branch) was 11.6 m. In
the region, tree species diversity is very
high; for instance, at an experimental site
(km 30 of Manaus), Prance et al. (1976)
recorded 179 species of trees in one hec-
tare (2 15 cm DBH), while the production of
new leaves tends to be more concentrated
in the dry season (Alencar et al. 1979, Ma-
renco et al. 2019).

The mean annual precipitation is 2420
mm (Dias & Marenco 2016), with a mild dry
season which extends from June to Octo-
ber, being July-September the driest
months (< 100 mm per month, rainfall data
for Manaus over the 1930-2010 period - IN-
MET 2021); while the rainy season prolongs
from November to May. At a nearby site
(K34 - 60°13' W, 02°36'S), the actual evap-
otranspiration (ET) is about 3.4 mm day™in
the wet season and 3.7 mm day" in the dry
season (mean of 1300 mm yr"); VPD and
surface conductance (a proxy of canopy
conductance in dense forests) vary from
7.1 hPa and 0.018 m s (~0.72 mol m? s*) in
the dry season to 4.9 hPa and 0.022 m s
(~0.89 mol m? s™) in the wet season (Costa
et al. 2010). Mean temperature and RH are
about 26 °C and 76%, respectively (Anteza-
na-Vera & Marenco 2020), while net radia-
tion is 130 W m? (wet season) and 140 W
m? in the dry season, with a mean net radi-
ation of 11.7 MJ day” (Costa et al. 2010). The
soil type is an Oxisol (Yellow Latosol) of
clay texture and low fertility. The soil water
content (SWC) held at tension of -1.5 MPa
(often called the permanent wilting point)
is about 0.30 v/v (Ranzani 1980), and al-
though soil water from the top layers sup-
plies most of the transpirational demand,
under prolonged drought roots can extract
water from deep soil layers (> 4.8 m depth,
Broedel et al. 2017).

Micrometeorological environment,
plant material and tree growth

During the 2013-2017 period, air tempera-
ture (T), PAR, RH, and precipitation (Pr)
data were daily recorded above the forest
canopy, at the top of a 40-m-tall observa-
tion tower (02° 35’ 21” S, 60° 06’ 53" W).
PAR was measured using a quantum sen-
sor (Li-190SA, Li-Cor, NE, USA), and air tem-
perature and RH with a temperature-hu-
midity sensor (Humitter 50y, Oy Vaisala,
Finland) connected to a data logger (LI-
1400, Li-Cor, Lincoln, NE). Data were col-
lected at 15 min (PAR) or 30 min intervals
(T and RH). PAR data were integrated over
time to obtain daily PAR values (mol m?
d"). Precipitation data were recorded using
a rain gauge (Emsb, Decagon, WA, USA).
We used RH (%) and air temperature (T, °C)
to compute vapor pressure deficit (VPD, in
hPa) as previously described (Marenco et
al. 2014). VPD was obtained from RH and
air temperature (T) data, VPDyi, from RH ax
and mean minimum T (Twin), While VPDyuy
was obtained from mean RH.» and mean
maximum T (Tn.x) data. Reference evapo-
transpiration (ET,) was calculated as: ET, =
0.0023(Tmean + 17.8)(Tmax - Tmin)®5 Ra, Where
R, is the extraterrestrial radiation (Allen et
al. 1998). In addition, we also measured soil
water content SWC (%, v/v) at about two-
week intervals, by collecting undisturbed
soil samples at 10-20 cm depth, which were
oven-dried at 105 °C as previously described
(Marenco et al. 2014).

In this study we collected data from 51
trees of nine evergreen species; each of
the selected species had at least four repli-
cations (Tab. 1). In these trees we mea-
sured stem diameter increment (an estima-
tor of tree growth, TG) at breast height
(DBH, 1.3 m above the ground) at monthly
intervals during 60 months (2013-2017). TG
was measured using stainless steel den-
drometer bands installed at least two years
before the beginning of the current experi-
ment. We also measured wood density

Tab. 1 - Mean wood density (WD, + SE), mean monthly growth rates (TG, * SE), tree height (+ SD) and mean diameter at breast
height (+ SD) of trees. (Abbr): abbreviation; (n): number of trees; (Ecol): Eschweilera collina (Lecythidaceae); (Garg): Geissospermum
argenteum (Apocynaceae); (llau): Inga laurina (Fabaceae); (Lmic): Licania micrantha (Chrysobalanaceae); (Pmac): Pouteria macro-
phylla (Sapotaceae); (Pdec): Protium decandrum (Burseraceae); (Smic): Scleronema micranthum (Malvaceae); (Stom): Swartzia
tomentifera (Fabaceae); (Tven): Tachigali venusta (Fabaceae). In WD and TG columns, means followed by a different letter are sig-
nificantly different (p < 0.01) after Tukey test.

Species Abbr n ::;ght :)ci;n;eter \(Zezm“) -(rn(\;m month™") Some uses

Eschweilera collina Ecol 7 22.25+3.5 20.7+6.1 0.79 + 0.01°> 0.058 + 0.068 > Timber potential
Geissospermum argenteum Garg 6 27153 34.1+13.4 0.80+0.01>* 0.099 +0.074 ® Pharmacological potential

Inga laurina Ilau 5 21.2:4A1 18.9+6.6 0.73+0.02< 0.132+0.08*®  Shading tree in agroforestry
Licania micrantha Lmic 4 23.9+3.8 23.7+9.8 0.79+0.02> 0.258 +0.09 ®® Timber potential

Pouteria macrophylla Pmac 4 249+5.8 28.3+14.9 0.92+0.02@ 0.110 +0.09 ®® The tree produces edible fruits
Protium decandrum Pdec 6 21.5+1.6 18.6 +2.6 0.59+0.01¢ 0.106 + 0.07 ® The tree produces essential oils
Scleronema micranthum Smic 5 28.5+3.2 36.8+10.4 0.67+0.02° 0.243 + 0.08 ®®  Timber industry

Swartzia tomentifera Stom 6 23.4:+49 241+95 0.82+0.01° 0.086+0.07* Timber potential

Tachigali venusta Tven 8 25.2+6.5 29.7+17.0 0.54+0.01°¢ 0.473 +0.06* No information

Mean or total - 51 24.2 26.1 0.74 + 0.04 0.173 £ 0.01
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(WD, dry mass to fresh volume ratio) by ex-
tracting one core sample per tree (3 to 5
cm in length and 5.15 mm in diameter) with
an increment borer (Haglof, Sweden). The
core sample was extracted at about 1.3 m
from the ground and at random days dur-
ing the experimental period. Tree height
was estimated using a regression model
developed for trees of the central Amazon
(Nogueira et al. 2008).

Statistical analyses

To assess differences among species, the
effects of months and years on TG, and the
effect of interactions, we conducted a re-
peated-measures analysis of variance using
the following hierarchical model (eqn. 1):

Yiu=pta+pf+yy
+a ﬁ)ij+(QY)ik+(ﬁ Y)jk O
+ap y}iik+‘giik
where Yy is the observation that repre-
sents the growth of a tree; p a constant; o,
f, and yq represent the effect of ith
species, j-th years, and k-th months; (af3);,
(ay)x, (By)x, and (afy)i denote the effect
of the interactions; and g indicates the er-
ror term.

We used principal component regression
(PCR - Montgomery et al. 2012) to evaluate
the effect of monthly variations of microm-
eteorological variables on detrended tree
growth (T¢c). By performing PCR the col-
linearity among regressors was removed,
and hence the variance inflation factor
(VIF, a measure of collinearity between the
predicting variables) became unity. The VIF
is 1/(1-R?); thus, when the correlation (R)
among regressors in null (R? = 0), VIF = 1.0
(Montgomery et al. 2012). In the PCR analy-
sis, we used T¢c instead of raw tree growth
data (TG), because a time-related trend in
tree growth can affect PCR results (Mon-
serud & Marshall 2001). This step was ac-
complished by using a first-order autore-
gression (Montgomery et al. 2012). Prior to
subjecting the T¢c to PCR, the climatic data
were standardized (observed value minus
the mean divided by the standard devia-
tion). In matrix notation, a standard multi-
ple linear regression (MLR) model can be
represented by eqn. 2 (Montgomery et al.
2012):

Y=Xb+e ()

In eqn. 2, Y is the observation vector (de-
pendent variable), X the matrix of regres-
sors (also called design matrix), b the vec-
tor of coefficients, and € the vector of ran-
dom error terms. Likewise, a PCR model
can be represented by eqgn. 3, while the cal-
culations required to compute the regres-
sion coefficients and test their significance
are given in egn. 4-15 (Montgomery et al.
2012):

Y=Za+e (3)

Z=XT (4)
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a=T'b (5)
T X' XT=Z'Z=A (6)
Z:[Zl,Zz,...,Z,J (7)

In eqn. 3, the columns of Z represent a
new set of orthogonal scores (z-scores). In
eqn. 4, T is a matrix whose columns repre-
sent eigenvectors (derived from X data),
while in egn. 5, a represents a vector of re-
gression coefficients. In egn. 6, A denotes a
diagonal matrix (p x p, being p is the num-
ber of regressors in matrix X) of the eigen-
values (A, A,, ... 4,) of X'X. In eqn. 7, the or-
thogonal z-scores (z, z,, ..., z,) are often
termed principal components. The estima-
tor of & and its variance-covariance are
computed as shown in egn. 8-9.

=(2'2)7'2’Y=A"'2"Y 8)
varg¢=o"(2'Z) '=0’A"" (9)

For standardized regressors (eqn. 10,
eqgn. 11):

b=Ta (10)
var(b)=varT&=TA'T o’ (1)

The standardized regressors (b,), the
variance, and standard error of b, (SE) are
given by eqn. 12-14. In egn. 12, the “pc” sub-
script indicates that the principal compo-
nents corresponding to near-zero eigenval-
ues have been removed from the analysis;
likewise, the “u” in the second part of eqgn.
12 is the number of principal components
retained in the reduced PCR model (i.e., af-
ter discarding principal components associ-
ated with near-zero eigenvalues).

A et Xyt
pr—Tapc—Zl—j 7 1 (12)
=

u

Z
var(b; ) z% (13)

SE(b

/pc

i

Z:: ;f* (14)

The significance of b, can be tested on in-
dividual coefficients by using the statistic
toky, Where k represents the number of

principal components in the reduced
model, as described in eqn. 15:
(=i (15)
SE(b; ,)

In eqgn. 14, the MSE is obtained as the re-
gression of Y on the u-principal compo-
nents retained in the model, while t;, de-
notes the j-th element of the eigenvector
tn (m=1, ..., u). As supplementary informa-
tion, the bivariate Pearson’s correlations
between climate variables were also deter-
mined. Statistical analyses were carried out
using Statistica® v. 7.0 (StatSoft, Inc., Tulsa,
OK, USA).

Results

Micrometeorological variables and tree
growth

During the study period Tpmean Was 26.5 °C,
RHpmean 78.9%, and PAR 28.9 mol m? d, with
variations in minimum and maximum val-
ues as described in Fig. 1. Mean SWC was
44.3% and mean values of VPD and ET,
were 7.4 hPa and 120.8 mm month¢", re-
spectively (Fig. 1). Although the mean pre-
cipitation of the 2013-2017 period was close
to the historical mean (2420 mm yr), it
was irregularly distributed (Fig. 2), and as
expected, the climatic variables were cor-
related (Tab. S1 in Supplementary mate-
rial). Tree growth significantly differed
among years (p = 0.025), species (p =
0.003), and months (p < 0.001 - see ANOVA
in Tab. S2), and within a year the trees
grew more slowly in the dry season than in
the wet season (0.117 vs. 0.215 mm month™,
respectively; p < 0.001 - Fig. 3A).

The highest growth rates were recorded
in Tachigali venusta (0.473 mm month*) and
the lowest one in Eschweilera collina (0.058
mm month), while the other seven species
comprised a group with rather similar
growth rates (Tab. 1). Tachigali venusta was
the species with the lowest wood density
(WD) and the highest growth rates, and
across species tree growth was negatively
correlated with wood density (r =-0.42, p =
0.002 - Fig. 3B).

Effect of micrometeorological
variability on tree growth

In this section, we used the mean T
across species (Teemean) to describe the sta-
tistical procedure. The principal compo-
nent analysis showed that the first four fac-
tors explained 92.9% of the total variance
of the climatic data. The eigenvectors and
eigenvalues associated with these four fac-
tors were used to compute the z-cores
(eqgn. 4) more closely associated with Tec.
The regression of the first four z-cores (z,
2,, z; and z,) on the Tgemean Yielded four a-
coefficients (i.e., o= -0.012, p < 0.001; @, = -
0.012, p = 0.08, a3 =- 0.020, p = 0.02, and o,
=-0.003, p = 0.68). Therefore, by observing
the p values of the a.,-coefficients we were
able to select the z-scores (i.e., z, and z;)
more closely related with Tecmean (i€, =
-0.012, p < 0.001 and a5 = - 0.020, p = 0.02 —
Tab. S3 in Supplementary material). Thus,
in the next step we only used z, and z; (PCR
reduced model) to obtain the PCR-beta co-
efficients (b,.) associated with each of the
climatic variables, as described in eqgn. 12.
The regression of the z, and z;-score on
Tecmean Yielded the mean square error (MSE
= 0.0050, R* = 0.264, p < 0.001 — Tab. S3),
which was required to compute the stan-
dard error (eqgn. 14) and for testing the sig-
nificance of the beta coefficients -b,. (eqn.
15). By using this approach, the b,. describ-
ed in Tab. 2 were obtained.

We found that most of the species were
responsive to variations in SWC, ET,,
VPDinaxs RHminy RHmean @and Trax, four species
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Tab. 2 - Regression coefficients (Beta) obtained by Principal Component Regression (PCR) of the effect of climatic variables on
detrended tree growth (T¢c) of the studied species. The R* (determination coefficient) of PCR is also shown. Abbreviations are
shown in Tab. 1 and Fig. 1. The standard error and p value of coefficients are shown in Tab. S4 (Supplementary material). (¥): p <

0.05.

Species Ecol Garg llau Lmic Pmac Pdec Smic Stom Tven Toc-mean
R? 0.08 0.06 0.18 0.12 0.17 0.1 0.1 0.22 0.22 0.26
PAR -0.0072* -0.0077 -0.0164* -0.0139 -0.0106 -0.0062 -0.0158 0.0072* -0.0352* -0.0126*
Pr 0.0003 0.0069 0.0149* 0.0134 0.0104* 0.0062 0.015 0.0006 0.0346* 0.0121*
Trmean -0.0036 0.0023 0.0044 0.0017 0.0009 0.0001 0.0026 -0.002* 0.0027 0.0016
Tin -0.0058* 0.008 0.0164* 0.012 0.0088 0.0047 0.0143 0.0031* 0.029 0.0109
Trnax 0.0019 -0.0013 -0.0031* -0.0044* -0.0037* -0.0025* -0.0044* -0.0104* -0.0072* -0.0039*
RHmean 0.0001 0.0016 0.0039* 0.0052* 0.0043* 0.0029* 0.0052* -0.0016 0.0003* 0.0046*
RHmin 0.0021 0.0023 0.0053* 0.0063* 0.0051* 0.0033* 0.0065* -0.0028 -0.0036* 0.0056*
RHrmax -0.0028 -0.0016 -0.0029 -0.0006 -0.0001 0.0004 -0.0013 -0.0009 0.0001 -0.0006
VPDrmean -0.0009 -0.0007 -0.002 -0.0038 -0.0033* -0.0023 -0.0036 0.001 -0.0111* -0.0034*
VPDpin 0.0024 0.0021 0.0039 0.0013 0.0006 -0.0001 0.0022 0.0009 0.0018 0.0012
VPDrax -0.0011* -0.0016 -0.0039* -0.0052* -0.0044* -0.003* -0.0053* -0.0015 -0.0147* -0.0047*
SWC -0.0058 0.0017 0.0039* 0.0047* 0.0038* 0.0025* 0.0048* 0.0105* 0.0129* 0.0042*
ETo 0.0036 -0.0022 -0.005* -0.0057* -0.0046* -0.003* -0.006* -0.0133* -0.0153* -0.0051*

responded to variations in PAR and three
species to changes in precipitation, while
only two species responded to variations in
VPDpean (Tab. 2). It was also found that
three species were responsive to variations
in Toin, While only Swartzia tomentifera was
affected by variation in Tean, Whereas none
of the species responded to variations in ei-
ther VPDy, or RHpmax (Tab. 2). The mean tree
growth across species (Tccmean) Was respon-
sive to variations in almost all micrometeo-
rological variables investigated, the excep-
tions were Triny Tmeany RHmax @and VPDyin, and
together micrometeorological variability
accounted for 26.4% of total variation in
Tecmean (Tab. S3 in Supplementary material).
The T¢emean as a function of standardized cli-
matic variables can be represented by eqn.
16, whose coefficients are described in Tab.
2.

T =-0.0126 PAR+0.0121 Pr

GC—mean —
+0.0016 T, +0.0109 T, ,,
—0.00397T,,, +0.0046 RH,,,
+0.0056 RH ,,;,,—0.0006 RH ,,,,,
—0.0034VPD,,,,+0.0012VPD
—0.0047VPD,,,,+0.0042SWC

~0.0051ET,

(17)

min

max

Because climatic variables were affected
by seasonality, the variables that increased
during the dry season, such as PAR, Tpax,
VPDiean, and VPDnax (Fig. 1) negatively af-
fected tree growth. For instance, across
species the reduction in tree growth in the
dry season vs wet season (Fig. 3a) occurred
simultaneously with a decrease (dry season
vs. wet season) in precipitation (123.9 mm
month* vs. 277.9 mm month™ — Fig. 1) in
combination with a rise in Ty (31.3 vs. 29.9
°C), PAR (32.6 vs. 26.2 mol m? d"), VPDmean
(9.3 vs. 6.1 hPa), and VPDp (23.3 vs. 17.1
hPa).
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Response of individual species to
micrometeorological variability

On the responsiveness of individual
species to micrometeorological variability,
we found that Inga laurina and Tachigali
venusta were the most responsive species,
as they were affected by the variation of
nine climatic variables (p < 0.05 - Tab. 2).
Protium decandrum, Pouteria macrophylla,
Scleronema micranthum, Licania micrantha
and Swartzia tomentifera responded to
variations in 6-8 micrometeorological vari-
ables, and hence, they constituted a sec-
ond group, while the other two species
(Eschweilera collina and Geissospermum ar-
genteum, a third group) were less respon-
sive to variations in the measured climatic

variables. In fact, G. argenteum was only
barely responsive to variation in precipita-
tion, RHmn, SWC and ET, (p < 0.085). In
comparison with the species that grew
more slowly, there was a slight trend for
species with faster growth rates (mm
month) to be more responsive to microm-
eteorological variability, e.g., T. venusta
(0.473) and I. laurina (0.132) were more re-
sponsive to climatic variability than E. col-
lina (0.058) or G. argenteum (0.099).

The majority of species responded to mi-
croclimatic variability in the same way, the
exception were S. tomentifera, which posi-
tively responded to variations in PAR, and
E. collina, which was negatively affected by
an increase in T, On average, PAR, Tiax,

1 Dry season: 0.117£0.06 () (b) T
€ 0.4 9 yerseason 02154008 r=-0.42, p= 0.002 F 12 g
IS} & c
£ % p < 0.001 o
e 0.3 1 o i E
3 o ¢ T E
£ 027 I o £
3 ° L 04 3
o 0.1 - o ©® ’ e
O') *: O OO% o O‘)
2 ° & o o g
= 0.0 : : —9o0 QM- 0.0 &
Wet  Dry 04 06 08 10

Season of the year

Wood density (g cm™)

Fig. 3 - (2) Radial mean monthly growth rates (TG, raw data) across species (51 trees)
recorded in the wet seasons (November-May) and dry seasons (June-October)
throughout the experimental period (2013-2017). (b) The relationship between mean
growth rate (TG) per tree and wood density, WD. In panel (a), the boundaries of the
box indicate the 25 and 75 percentile, and the solid line within the box denotes the
median; the mean value (mm month) within a season is also shown. In panel (b),
each symbol corresponds to the mean growth rates of one tree over the five years
(mean of 60 months), while WD represents the value of one sample per tree.
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VPDpmeany VPDimax @and ET, had a negative ef-
fect on Teemean (Negative beta values in Tab.
2), while the effect of SWC, precipitation,
RHumin, @and RHpean Was positive. Swartzia to-
mentifera responded to variation in Tmean,
but the combined effects over species was
too small to have a significant effect on
Tecemean- Although three species responded
to variations in T, the overall effect of T,
oN Teemean Was insignificant. This occurred
because while I. laurina and S. tomentifera
responded positively to T, the opposite
effect was observed in E. collina (Tab. 2).

Discussion

On average, tree growth was responsive
to variations in nine out of the 13 microme-
teorological variables studied, and we
found that PCR explained 26.4 % of the to-
tal variance. When the effect of climate
variability on tree growth is under evalua-
tion, a R* value of 0.26 is not unexpected,
as many factors can affect tree growth
(Bowman et al. 2013). For instance, Wagner
et al. (2012) found that only 9% of the varia-
tion in tree growth can be ascribed to sea-
sonal climate variability. Because climatic
parameters were greatly influenced by mi-
crometeorological seasonality, climatic var-
iables that increased during the dry season
negatively affected tree growth. For in-
stance, taking the wet season as the base
line, the reduction in tree growth (45.6%) in
the dry season occurred in parallel with a
decrease in precipitation (55.4%) and RHu,
(17.1%), and with a rise in PAR (24.7%),
VPDnean (52.5%) and VPDyax (36.5%). The de-
cline in tree growth in the dry season is in
agreement with the results reported by
Wagner et al. (2014) for the central Ama-
zon. Méndez (2018) also found a decline in
tree growth during the drought of 2015-
2016 in the central Amazon (02° 35’ S, 60°
12’ W). Likewise, by using sun induced flo-
rescence, Lee et al. (2013) and Yang et al.
(2018) found that leaf fluorescence (an es-
timator of photosynthesis) decreased dur-
ing the dry season in the Amazon region,
which ultimately can lead to a decline in
biomass accumulation.

It has been reported that several climatic
parameters, such as solar radiation, VPD
and ET increase in the dry season. How-
ever, because the increase in VPD and ET
during the dry season (Costa et al. 2010)
occurs simultaneously with a decrease in
precipitation (Antezana-Vera & Marenco
2020) and SWC (Broedel et al. 2017), it is
difficult to separate their respective contri-
butions on tree growth by using standard
multiple regression.

Even though reduced precipitation is one
of the major climatic parameters associ-
ated with the dry season, our results clear-
ly show that the increase in VPD (mean and
maximum) and ET, have a significant effect
on tree growth, which cannot be statisti-
cally ascribed to the influence of other cli-
matic parameters, as the contribution of
collinearity was removed. At same time, it
is also shown that, irrespective of the di-
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rect influence of temperature on VPD, T
by itself seems to have an effect on tree
growth that cannot be attributed to the
effect of VPD. This is important because it
shows that when highly correlated vari-
ables are under investigation, as it often
occurs with climatic variables, disregarding
collinearity between variables can lead to
imprecise results. In this work we hypothe-
sized that mean tree growth positively re-
sponds to an increase in VPD, temperature
and PAR, and negatively to an increase in
precipitation, which was not supported by
data, as across species a rise in PAR, Tpax,
VPDpnax and VPDiean had a negative effect on
tree growth across species, while an in-
crease in precipitation and SWC had a posi-
tive effect.

Studies that aim to assess the effect of
the dry season on tree growth in the Ama-
zon have led to different conclusions, per-
haps because the impact of drought on
tree growth depends on the length of the
dry season. For example, Silva et al. (2003)
and Dias & Marenco (2016) did not find a
negative effect of the dry season on tree
growth, whereas Wagner et al. (2014) re-
ported that tree growth decreases in the
dry season. In this study we found that the
decrease in tree growth was essentially as-
sociated with an increase in PAR, T and
VPDnax, and with decline in precipitation
and SWC.

A negative effect of PAR on tree growth
is in contrast with the results reported by
Rowland et al. (2014) who concluded that
tree growth increased in the dry season
when irradiance is more intense. The dis-
crepancy can be ascribed to the length of
the dry season, as it has been reported
that root water uptake can be enhanced
during drought (Markewitz et al. 2010, Bro-
edel et al. 2017), which can help to with-
stand the effect of water stress in mild dry
seasons.

It has been postulated that in the Ama-
zon, precipitation can limit ecosystem pho-
tosynthesis up to about 2000 mm yr*, and
that above this threshold solar radiation
can be the limiting factor of photosynthe-
sis (Ahlstrom et al. 2017). In this study, the
trees grew more slowly with a reduction in
precipitation and SWC, irrespective of an
increase in PAR with decreasing precipita-
tion, which shows that the distribution of
precipitation within a year is of paramount
importance for the effect of PAR on tree
growth. We have shown that a decline in
VPDinax (alsO VPDinean) Was associated with
an increase in tree growth (Fig. 2, Tab. 2),
and that VPD increased in the dry season
(Fig. 1). It is known that stomatal conduc-
tance (and hence photosynthesis) is a func-
tion of VPD, being the most common re-
sponse a decline in stomatal conductance
with increasing VPD (Jones 1998, McDow-
ell & Allen 2015). Thus, it is plausible to in-
fer that the effect of VPD yean and VPD,. ON
tree growth occurs via its effect on stom-
atal conductance. This is consistent with
the findings of Lee et al. (2013) and Yang et

al. (2018) who reported a decline in sun in-
duced fluorescence in the dry season,
which occurred in parallel with an increase
in VPD.

We found a negative effect of Tr.x on tree
growth, whereas over a wide range of
tropical forest sites Wagner et al. (2014) re-
ported that T..« has no significant effect on
tree growth, and concluded that tempera-
ture variations are of secondary impor-
tance for tropical tree growth. This sug-
gests that in comparison with other major
drivers of tree growth, such as precipita-
tion and solar radiation (Wagner et al. 2014,
Méndez 2018), the effect of temperature is
more difficult to detect. In tropical rain-
forests, the optimum temperature for pho-
tosynthesis is about 29 °C (Liu 2020), with
decreasing photosynthetic rates at higher
temperatures. Beside the indirect effect of
temperature and relative humidity on pho-
tosynthesis (via its effect of VPD), an
increase in temperature has also a direct
effect on transpiration via the effect of
temperature on water viscosity (Darcy’s
Law), and cuticular transpiration (Kerstiens
2006). Similarly, RH has also a direct effect
on transpiration, as it may affect the hydra-
tion of cuticle components (Kerstiens
2006). An increase in T, May have also a
direct effect on tree growth via the effect
of temperature on leaf respiration, iso-
prene emission and photorespiration
(Sharkey & Yeh 2001, Slot & Winter 2016).
As most of the species negatively re-
sponded to a decrease in SWC (the excep-
tion was G. argenteum; E. collina was barely
responsive, p =0.06), it can be inferred that
even when root water uptake can be en-
hanced under drought (Markewitz et al.
2010, Broedel et al. 2017), the increased wa-
ter absorption during the dry season did
not keep pace with the transpirational de-
mand, which ultimately resulted in a reduc-
tion in tree growth.

One of the difficulties in assessing the in-
dividual effect of climatic variability on tree
growth is to remove the effect of collinear-
ity between the climatic drivers. By using
PCR we show that the mean tree growth
was responsive not only variation in precip-
itation, temperature (Tm.x), and PAR, but
also to variation in relative humidity (RHmean
and RHmn) and vapor pressure deficit
(VPDinean @and VPDyy). This result is impor-
tant because due to global warming (tem-
perature is increasing about 0.16 °C per
decade over the Amazon region), the rain-
fall pattern in the Amazon is changing,
ranging from lower rainfall intensity (long-
er dry seasons) in eastern and southern
Amazonia to higher rainfall intensity in the
northern Amazon (Marengo et al. 2018). It
has also been reported an increase in
vapor pressure deficit, from a steady in-
crease in southern Amazon (over last three
decades) to episodic increases during
drought events in the northwest of the
Amazon region (Barkhordarian et al. 2019),
when a decline in photosynthesis can occur
(Yang et al. 2018). Therefore, an increase in
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VPD often leads to an increase in transpira-
tion, which associated with a decline in pre-
cipitation can lead to severe water deficit
and thereby to decline in photosynthesis —
except in the wettest part of the Amazon
where a mild increase in VPD can enhance
photosynthesis (Green et al. 2020). More-
over, under severe drought, high VPD can
greatly reduce hydraulic conductivity,
which can eventually affect the survival of
trees (McDowell & Allen 2015, Barkhordar-
ian et al. 2019). Thus, if the dry season be-
comes longer and dryer, as predicted by
models (Marengo et al. 2018), it may be ex-
pected that trees currently more sensitive
to droughts will be the more affected by
climate changes. These results contribute
to improve our understanding of the eco-
physiology of Amazonian trees and provide
further information regarding the potential
effects of increased drought in the Amazon
region.

Conclusions

In this study we assessed the effect of
several climatic parameters on tree
growth, and we were able to remove the
effect of collinearity among climatic vari-
ables by using principal component regres-
sion. On average, tree growth increased
with increasing precipitation, SWC, RH i,
and RHean, While it decreased with increas-
ing PAR, Tmax , and VPDn, and ET,, which
conflicts with our working hypothesis.
Thus, it seems plausible to conclude that
the decline in tree growth that occurs dur-
ing the dry season could reflect a decrease
in the capacity of the tree to extract water
from deeper soil layers to meet the in-
creased transpirational demand during the
dry season. A contribution of this study is
to clearly demonstrate the effect of varia-
tions in VPDpean @and VPDpax ON tree growth
of Amazonian trees. These results enhance
our understanding of the ecophysiology of
Amazonian trees and provide insights into
the potential effects of severe droughts
foreseen by climate models for the Ama-
zon region.
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