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postdisturbance conditions. In trees, the anatomical structure of xylem directly

understand resistance and resilience to disturbance.

terized a set of anatomical traits in wood produced before and after a major hur-

ricane for 65 individuals of 10 Puerto Rican tree species. We quantified variation

Handling Editor: Antonella Gori at different scales (among and within species, and within individuals) and deter-
mined trait shifts between the pre- and posthurricane periods. We also assessed
correlations between traits and growth rates.

3. While the majority of anatomical trait variation occurred among species, we also
observed substantial variation within species and individuals. Within individuals,
we found significant shifts for some traits that generally reflected increased hy-
draulic conductivity in the posthurricane period. We found weak evidence for
an association between individual xylem anatomical traits and diameter growth
rates.

4. Ultimately, within-individual variation of xylem anatomical traits observed in our
study could be related to posthurricane recovery and overall growth (e.g. canopy
filling). Other factors, however, likely decouple a relationship between xylem
anatomy and diameter growth. While adjustments of wood anatomy may enable
individual trees to capitalize on favourable postdisturbance conditions, these may

also influence their future responses or vulnerability to subsequent disturbances.
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1 | INTRODUCTION

Disturbances dramatically alter abiotic conditions, patterns of re-
source availability and competitive dynamics in local communities
(Pickett & White, 1985). Much of the literature on ecological succes-
sion has focussed on arrival and establishment of new recruits and
subsequent patterns of species turnover (Connell & Slatyer, 1977,
Pacala & Rees, 1998) but surviving individuals also play a major role
in postdisturbance community dynamics (Dietze & Clark, 2008;
Uriarte et al., 2012). Better understanding the mechanisms that un-
derpin how individuals and species respond to disturbance is critical
for predicting the consequences of ecological disturbance.

Disturbance regimes in many tropical regions are dominated
by cyclonic storms, which are predicted to occur with higher fre-
quency and intensity under climate change (Balaguru et al., 2018).
Strong storms cause defoliation, structural damage and tree mor-
tality, which dramatically alter the structure, composition and re-
source conditions of forests (Leitold et al., 2021; Mitchell, 2013;
Uriarte et al., 2004, 2019). However, increased levels of resource
availability in the wake of storms (e.g. increased light availability,
reduced belowground competition) can promote rapid growth of
surviving trees. In Puerto Rico, for example, Walker (1991) showed
that a majority of trees had recovered foliage just 7weeks after
hurricane Hugo. Umana and Arellano (2021) reported increased di-
ameter growth rates after hurricanes for some species, and Hogan
et al. (2018) also showed elevated stand-level diameter growth rates
following Hurricane Hugo. In Jamaica, Bellingham et al. (1995) re-
ported diameter growth rates up to eight times higher shortly after
Hurricane Gilbert than prehurricane periods. Tanner et al. (2014)
subsequently showed that these elevated growth rates persisted for
more than 20years after Hurricane Gilbert, in particular for trees
that suffered low amounts of crown damage from the hurricane. The
large magnitude of growth rate changes following hurricanes raises
questions about underlying anatomical features that might facilitate
elevated growth rates among some trees.

Although a large literature deals with the physical properties of
wood that confer resistance to wind damage (e.g. de Langre, 2008),
very limited information is available on how individual trees may
adjust anatomical traits in response to wind disturbance, including
hurricanes. For one species (Cyrilla racemiflora) from wet forests of
Puerto Rico, Drew (1998) reported elevated wood production and
flowering after Hurricane Hugo that was associated with increased
vessel density. We are not aware of other studies that have explored
variation in wood anatomy with respect to wind disturbance. In gen-
eral, however, Michaletz (2018) highlighted the response of xylem
anatomy to disturbance as a research priority due to the broad con-
sequences for ecosystem functioning and the resistance and resil-
ience of trees to subsequent disturbances.

Based on the functional role of xylem anatomy, wood produced
during posthurricane conditions may differ in predictable ways from
wood produced in undisturbed conditions (Table 1). Within an indi-
vidual tree, for example, anatomical traits that confer increased hy-
draulic conductivity (e.g. larger vessel diameters, more vessels, more
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highly grouped vessels) could enable it to rapidly capitalize on higher
resource conditions after a storm (Martinez-Vilalta et al., 2012;
Tyree & Zimmermann, 2013). In undisturbed conditions, an increase
in vessel size at the trunk base is expected as a tree grows taller
to make up for the increase in the total flow path resistance (due
to increased tree height; Echeverria et al., 2019). However, in the
context of short-term response to hurricane disturbance, when trees
lose canopy area and total height (Leitold et al., 2021), an increase in
vessel area could reflect a transient period where vessels are larger
than expected for a given tree height to facilitate regeneration of
the canopy (Olson et al., 2021). Phenotypic accommodation of ves-
sel anatomy in response to hurricanes could, at least in the short
term, lead to an increased rate of total carbon assimilation, and, po-
tentially, increased diameter growth rate. Apart from long-distance
water transport, wood performs other vital functions, particularly,
radial transport of water and nutrients in ray parenchyma as well as
water and nutrients storage in parenchyma (ray and axial) and liv-
ing fibres. These tissues may also therefore be expected to change
during the high-resource conditions following a hurricane. For exam-
ple, we might expect wood produced after a hurricane to have lower
fraction of living cells (i.e. parenchyma or living fibres) if relatively
more carbon is devoted to growth as opposed to storage and metab-
olism of living cells (Chapin et al., 1990; Plavcova et al., 2016).

In September 2017, two major hurricanes (Irma and Maria) struck
the Caribbean island of Puerto Rico and caused nearly complete de-
foliation, extensive damage to the forest canopy, and high levels of
instantaneous tree mortality (Hall et al., 2020; Leitold et al., 2021;
Uriarte et al., 2019). Here, we focus on individual trees and the vari-
ation in anatomical traits of wood produced before and after these
hurricanes. We sampled 65 individuals representing 10 focal species
that span a broad range of life-history strategies to address the fol-

lowing questions:

1. What is the magnitude of variation in wood anatomical traits
expressed within individuals relative to within and among spe-
cies before and after the 2017 hurricanes?

2. How did anatomical properties differ in wood produced before
and after the 2017 hurricanes?

3. Are wood anatomical traits associated with tree diameter growth

rates?

2 | MATERIALS AND METHODS
2.1 | Study site, focal species and tree selection

We conducted this study in the Luquillo Forest Dynamics Plot
(LFDP; 18°20’N, 65°49'W) in El Yunque National Forest, Puerto
Rico, with permission from the Luquillo LTER. The LFDP is located
on volcanic soils at ca. 400ma.s.l. The climate is mostly asea-
sonal with mean annual rainfall of ca. 3500 mm year‘1 (Figure S1).
All free-standing woody stems in the LFDP are tagged, identi-
fied and measured for diameter at 1.3 m above the ground (DBH)
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TABLE 1 Wood anatomical traits quantified in this study and their expected association with elevated posthurricane growth at the

within-individual scale.

Trait [abbreviation] (units)

Median vessel lumen area [A]
(pm?)

95th percentile of vessel lumen
area [A,] (pmz)

Skewness of vessel distribution
[V,

skew]

Area-based sum of theoretical
conductivity [Kh_ |
(m*/MPa' s mm?)

1 (1m?/pm?)

Vessel fraction [F,

Fibre fraction [Fg,] (pmz/pmz)

Total parenchyma fraction

2 2
[Fpar(total)] (P'm /pm )

Axial parenchyma fraction
2 2
[Fpar(axial)] (“'m /},lm )
Ray parenchyma fraction
[Fpar(ray)] (Hmz/umz)

Predicted response
to hurricane
(elevated growth)

+

No change

Rationale

Rapid posthurricane growth should be facilitated by
wider vessels

Rapid posthurricane growth should be facilitated by
wider vessels

Rapid posthurricane growth should be facilitated by
more large vessels and fewer small vessels. More
negative value of skewness indicates fewer small
vessels

Rapid posthurricane growth should be supported by
higher conductivity

The expected increase in vessel area will be balanced
off by decreased vessel number. Consequently,
vessel fraction will not change

Fibre fraction should increase if parenchyma fraction
decreases

Parenchyma fraction in posthurricane wood should
decline if carbon used for parenchyma respiration
or for carbohydrate storage could be used instead

for growth. This trend is expected in the absence of

living fibres, which also can store carbohydrates

The expected decrease in total parenchyma fraction
would be chiefly driven by decreases in axial
parenchyma fraction

Increased ray fraction in posthurricane wood would

References

Fan et al. (2012),
Hietz et al. (2017) and
Poorter et al. (2010)

(see Agp)

(see Agp)

(see Agp)

Zanne et al. (2010)

Chapin et al. (1990) and
Plavcova et al. (2016)

Pfautsch (2016)

enhance radial movement of resources to be spent

on growth and other maintenance processes

Vessel density [V, ] (mm™)

den

- Vessel density is typically negatively correlated with

Zanne et al. (2010)

vessel area. We expect wider vessels (at a lower
density) to support rapid posthurricane growth

Vessel grouping index [V, ] +

8rp

approximately every 5years. For this study, we used DBH meas-
urements from the 2011 and 2016 censuses to quantify prehur-
ricane diameter growth rates.

We equipped a subset of trees that survived the 2017 hurri-
canes with metal band dendrometersin April-June 2018 (Dendro),
6-9 months after the hurricanes. Trees were given a score of physi-
cal hurricane damage (low, medium, high). Dendrometers were first
measured in December/January 2018-2019 (Dendro,), January/
February 2020 (Dendro,) and finally in July 2020 (Dendro,), at the
time of tree core collection (see below). We computed posthurri-
cane growth rates based on measurements of DBH during instal-
lation of dendrometers and the final dendrometer measurement
(Dendro,). In designing our field sampling, we first identified trees
with positive posthurricane growth to ensure that there was suffi-
cient woody material to sample. We also focused on trees with rel-
atively high posthurricane growth rates (relative to prehurricane

Increased integration of hydraulic network (larger
vessel groupings)

Lens et al. (2011),
Martinez-Vilalta
et al. (2012) but
see Loepfe et al. (2007)

growth rates) because we sought to evaluate anatomical char-
acteristics that might facilitate high posthurricane growth rates.
Nevertheless, growth rates of the sampled trees varied consider-
ably during the pre- and posthurricane periods, and several trees
had reduced growth rates in the posthurricane period (Figure 1).

2.2 | Field sampling and determination of pre- and
posthurricane wood

In July 2020, potential focal trees were located in the field and
excluded if they were dead, heavily damaged, leaning, on a steep
slope or had an irregular shaped trunk. We selected 65 individuals,
corresponding to 4-8 trees from each one of the 10 focal species
for anatomical sampling (Table 2). For each tree, we recorded tree
height, DBH and the dendrometer measurement (Dendro,). We then

85UB01 SUOWWIOD SAIERID 3|qed! dde aup Aq pausenob @Je sajo1e VO ‘88N JO Sajni Joj A%eigiT8UIIUO AB]IM UO (SUORIPUOI-PUR-SWRIALIOD A3 | I AReid 1|BuUO//SdRY) SUORIPUOD P SWB L U} 89S *[7202/20/80] U0 A%iqi8uliuO AB]IM ‘SS0IneS SSeUsNg PeIeuS SN O/ AN Ad TSPT SErZ-SOET/TTTT OT/I0PAL0D" Ao |IW ARelq Ul UO'S UIN0 3q//SdNY W01y papeoiumod ‘2T ‘€202 ‘SEVZE9ET



ZIEMINISKA ET AL.

Functional Ecology [ :'E?ﬁ::!g?‘;m

(b)
= 15 ; ‘
@
(&)
>
£ —
E 10
[)
©
= —
= 7
o
O]
O —

@ Casearia arborea

[l Cecropia schreberiana
[ Dacryodes excelsa

B Inga laurina

[ Manilkara bidentata

Wl Matayba domingensis
[ Schefflera morototoni
[@ Sloanea berteriana

@ Tabebuia heterophylla
[ Tetragastris balsamifera

<"

Segment represents an individual tree

Legend

Z—Posthurricane growth rate (2018-2020 dendrometers)

;—Prehurricane growth rate (2011-2016 tree census)

FIGURE 1 (a) Map of tracks for all Atlantic hurricanes from 1851 to 2012 based on data from the US National Hurricane Center. Image
modified from en.wikipedia.org/wiki/Atlantic_hurricane#/media/File:Atlantic_hurricane_tracks.jpg. (b) Individual stem diameter growth rates
before and after the 2017 hurricane season for sampled trees of 10 studied species.

collected two cores ca. 3cm long using a 1-cm-diameter tenon plug
cutter mounted on an electric drill from each focal tree at opposite
sides of the main trunk and perpendicular to the terrain slope. Cores
were taken at 1 m height and 10-20cm below a dendrometer band.
We stored wood samples in 70% ethanol until further processing.
To estimate the boundary between wood produced before and
after the 2017 hurricanes, we computed a posthurricane diameter
growth rate (mmday™?) for each tree based on dendrometer read-
ings from Dendro, (Dec/Jan 2018-19) to Dendro, (Jan/Feb 2020)
(i.e. the growth interval closest to the hurricanes where we had con-
secutive dendrometer readings). We then estimated the location of
the cambium when Hurricane Maria made landfall in Puerto Rico
(20 September 2017) relative to the cambium at the time of sample

collection (July 2020) by multiplying the posthurricane growth rates
by the number of days between the first dendrometer measurement
(Dendroi) and the day hurricane Maria made landfall in Puerto Rico.
We consider this as the putative boundary between wood produced

before and after hurricane Maria (DBH ). We restricted the pre-

Maria
hurricane samples to wood produced between the 2011 LFDP cen-

sus and DBH

Maria*

2.3 | Sample preparation and anatomical analyses

We made cross-sections of cores (ca. 20-40pum thick) and im-
aged them with a ZEISS Axioscan 7 slide scanner to obtain digital

85UB01 SUOWWIOD SAIERID 3|qed! dde aup Aq pausenob @Je sajo1e VO ‘88N JO Sajni Joj A%eigiT8UIIUO AB]IM UO (SUORIPUOI-PUR-SWRIALIOD A3 | I AReid 1|BuUO//SdRY) SUORIPUOD P SWB L U} 89S *[7202/20/80] U0 A%iqi8uliuO AB]IM ‘SS0IneS SSeUsNg PeIeuS SN O/ AN Ad TSPT SErZ-SOET/TTTT OT/I0PAL0D" Ao |IW ARelq Ul UO'S UIN0 3q//SdNY W01y papeoiumod ‘2T ‘€202 ‘SEVZE9ET


http://en.wikipedia.org/wiki/Atlantic_hurricane#/media/File:Atlantic_hurricane_tracks.jpg

300:

ZIEMINSKA ET AL.

4
Functional Ecology e

TABLE 2 Species, families, number of trees per species sampled for anatomical traits in the Luquillo Forest Dynamics Plot, Puerto Rico.

Successional status based on expert knowledge from the study area.

Successional

Family Species Authority N status
Salicaceae Casearia arborea (Rich.) Urb. 8 Mid
Urticaceae Cecropia schreberiana Mig. 7 Early
Burseraceae Dacryodes excelsa Vahl 8 Late
Fabaceae Inga laurina (Sw.) Willd. 8 Mid
Sapotaceae Manilkara bidentata (A.DC.) A. Chev. 6 Late
Sapindaceae Matayba domingensis (DC.) Radlk. 6 Late
Araliaceae Schefflera morototoni (Aubl.) Maguire, Steyerm. & Frodin 7 Early
Elaeocarpaceae Sloanea berteroana Choisy ex DC. 6 Late
Bignoniaceae Tabebuia heterophylla (DC.) Britton 4 Mid
Burseraceae Tetragastris balsamifera (Sw.) Oken 6 Late

images of cross-sections at 0.195pm? resolution. Vessels were au-
todetected and then manually confirmed and annotated using the
QuPath software (Bankhead et al., 2017) and then exported as SVG
files for downstream measurements in R v 4.0.3 (R Development
Core Team, 2020; Figure 2).

With the annotated images, we measured vessel lumen area and
diameter (from equivalent circle area), as well as the distance from each
vessel to the cambium along the shortest path parallel to the rays. We
then summarized a suite of anatomical traits in the wood correspond-
ing to the pre- and posthurricane periods, separately. In particular, we
measured the median and 95th percentile of vessel lumen area (A,

and Ay;; pm?), skewness of the distribution of vessel area (V,, ), vessel

skew!

density, or number of vessels per unit area (V, N/mm?) and the ves-

en
sel group index (Vgrp) (Scholz et al., 2013). To delineate vessel groups,
we measured double vessel wall thickness on at least 70 vessels per
species and used the species-mean values as thresholds to define
grouped vessels (von Arx et al., 2013). Vgrp quantifies the total number
of vessels divided by the total number of vessel groupings; a sample

with no grouped vessels has a V=1, larger values indicate a greater

.
degree of grouping. We calculatge’::l theoretical hydraulic conductivity
(Kh) for each vessel as Kh=pi * D*/128 * n, where D is equivalent cir-
cle diameter and 7 is the viscosity index of water (1.002x 10" MPas
at 20°C; Scholz et al., 2013). Then, we computed an area-based met-

ric of theoretical hydraulic conductivity, Kh as the sum of Kh for

area’
vessels in a given portion of the sample (pre- or posthurricane) and
then divided by the corresponding area in mm? (equivalent to “xylem
specific conductivity” in Castagneri et al., 2020). Only one species
(Manilkara bidentata) had tracheids (vasicentric sensu Carlquist, 2001;
vascular sensu IAWA Committee, 1989), which were classified as ves-
sels because they were impossible to discern from narrow vessels.
We also measured vessel, fibre and parenchyma (total, axial and ray)
fractions (F,ee Fe Foartrotaly FPaxialy Foarrays BM-/uM?) in the wood
produced before and after the 2017 hurricanes for each sample. Seven
species had septate fibres that contained starch (in some cases they
were abundant), which we grouped with nonliving fibres in our mea-
surements. In all species, the ground tissue fibres had minutely bor-
dered pits (fibre-trachaids sensu Carlquist, 2001), which indicates that

vessels (and tracheids in M. bidentata) were the only conductive cells.
To quantify tissue fractions, we overlaid a grid of 0.16mm? resolution
on the image and manually determined the tissue type at each inter-
section point (Zieminska et al., 2015). The mean (+SD) of the number
of intersection points per sample (pre- and posthurricane portions are

treated here as separate samples) was 329 (+230).

2.4 | Statistical analyses
Scale of Scale at which the factor Number of replicates at
inference of interest is applied the appropriate scale
Population Individual 4-8 individuals per
species
Species Individual 10 species
2.5 | Variance partitioning of anatomical traits

To address our first question about the structure of variation in
wood anatomical properties, we used a nested variance partition-
ing approach (Messier et al., 2010). Specifically, we fit linear mixed
models with a fixed intercept and nested random effects for spe-
cies, tree and period (pre- vs. posthurricane). This approach quanti-
fied the variation expressed among species, within species, within
individual trees, and residual variance corresponding to individual
variation within wood produced during either the pre- or posthur-

ricane period. All variables except for V, and tissue fractions were

skew
log-transformed prior to analysis to improve normality.

2.6 | Comparing traits in pre- and
posthurricane wood

To address our second question about adjustments of individual
trees in wood anatomy following hurricane disturbance, we fit
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hierarchical Bayesian models to evaluate differences within trees for
each anatomical trait in wood produced before and after the 2017

hurricanes. The first level took the form:
At ~ bgs + by* ADBH; + b," Damage; + ¢ (1)

where At, is the difference between the pre- and posthurricane val-
ues (postvalue minus prevalue) for a given anatomical trait in individual
tree i of species s. The term b, represents a vector of species-specific
intercepts (the mean shift in an anatomical variable between post- and
prehurricane wood for all individuals of species s). The parameters b,
reflects the average effect of tree diameter growth (ADBH; change
in diameter during the posthurricane period) to control for expected
increases in vessel size from increases in tree height due to the uni-
versal base-to-tip vessel tapering relationship (Olson et al., 2021).
The parameter b, reflects the damage category assigned to the tree
during dendrometer installation. We used ADBH instead of change
in height because we lack measurements of tree height prior to the
2017 hurricanes, and o represents a normally distributed error term.
We modelled species-level intercepts (which reflect average shifts of
individuals within species of anatomical traits from the pre- to posthur-

ricane period) in a second level as:
bOs ~ Bl + € (2)

where B, is the overall (i.e. interspecific) intercept and e_ are normally
distributed random effects for species. Prior to model fitting, we stan-
dardized ADBH values within species to mean zero and unit standard
deviation to facilitate model convergence and parameter interpreta-
tion. We interpret b, and B, as the species-average and interspecific
responses (i.e. community-level), respectively, of a given wood ana-
tomical trait, t, to hurricane disturbance. Positive (negative) values in-
dicate higher (lower) values for the trait in wood produced after the
2017 hurricanes compared to wood produced before the hurricanes.
All parameters were given diffuse priors, and posterior sam-
pling was conducted via Markov chain Monte Carlo (MCMC) using
JAGS (Plummer, 2003) and the ‘jagsUI' package (Kellner, 2015) in R
v 4.0.3 (R Development Core Team, 2020). Model convergence was
assessed based on the Rhat diagnostic. Estimated parameters were
considered different from zero when 95% credible intervals did not

overlap zero.

2.7 | Associations between anatomy and growth

To address our third question about the association between ana-
tomical traits and growth rates, we used hierarchical Bayesian
models (similar to those described above) to model individual tree di-
ameter growth rates as a function of anatomical traits with separate
models that compared (i) prehurricane growth rates with prehurri-
cane traits, and (ii) posthurricane growth rates with posthurricane

traits. The first level of these models took the form:

Gis ~ bgs +bys" tic + by,” DBH, + b;* Damage;, + o (3)

where G is the absolute growth rate (mmday'l) of individual tree i
of species s; b, is a vector of species-level intercepts; b, is a vector
of species-level slopes that reflect the average association between
growth rate and an anatomical trait, t, for a given species, s; b, and b,
are interspecific (i.e. community-level) terms to account for differences
in tree diameter at the beginning of the interval being modelled and
damage category, and o is a normally distributed error term. Note that
the damage term was excluded from models analysing prehurricane
growth and anatomy. Species-level terms were modelled in second

level regressions as:

bos ~ By + €qs (4)

by ~ By + ey (5)

where By and B, are the interspecific intercept and slope, and e, and
e, are normally distributed random effects for species. As above, we
standardized anatomical covariates and DBH values within species
to mean zero and unit standard deviation prior to analysis. The b,
and B, parameters reflect the species-level and interspecific associ-
ations, respectively, of growth rate to a given anatomical trait. We
report results based on absolute diameter growth rates in the main
text but we obtained similar results using basal area growth rates,
presented in supplemental materials. Procedures for fitting these
models followed those described for Question 2.

3 | RESULTS

Species exhibited substantial variation in wood anatomical param-
eters. For example, considering wood produced both before and
after the 2017 hurricane season, A, ranged more than an order of
magnitude from about 3000pm2 for the mid-successional species,
Casearia arborea, to ca. 32,OOOpm2 for the early successional spe-
cies, Cecropia schreberiana. Diameter growth rates of the focal trees
ranged from 0.21-11.4 mmyear *in the prehurricane period to 0.02-
16.0mmyear™ in the posthurricane period (Figure 1b). Additional
general comparisons of anatomical trait variation among the study

species are illustrated for individual trees in Figure S2.

3.1 | Variance partitioning of anatomical traits

In general, the largest portion of trait variation occurred among
species (41%-92%), with the exception of the parenchyma frac-
tion (Fpar(

at the within-individual level, that is pre- vs posthurricane varia-

tOtal)), which showed the largest portion of variation (47%)

tion (Figure 3). Within-species variation accounted for 2%-38% of
the total variation and the within-individual component accounted
for 1%-47% of the total variation. Within-individual variation con-
strained to either the pre- or posthurricane period (termed ‘within-
period + residual’ in Figure 3) consistently represented the smallest

proportion of variation, explaining <5% per trait.
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FIGURE 3 Variance partitioning for 100
wood anatomical traits in 10 studied i i
species. The proportion of within-
individual variation includes anatomical
data from wood produced before and 80
after Hurricane Maria.
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3.2 | Comparing traits in pre- and
posthurricane wood

Among species (i.e. at the community-level), Kh,_ ., Fpar(total), Fpar(ray),
and V,,,, were significantly higher in wood produced in the posthur-
ricane period compared to the prehurricane period (Figure 4d,f,g,j;
Figure S2), while Fy was significantly lower (Figure 4f). There was
also considerable support (i.e. 90% credible intervals did not over-
lap zero) for an increase in A,; (Figure 4b). Other anatomical traits
did not show significant differences in pre- and posthurricane wood.
Effects of ADBH on anatomical shifts were not statistically signifi-
cant except that trees with higher ADBH had greater Kh, _and V,
in posthurricane wood compared to prehurricane wood (Figure S3).
Effects of damage on anatomical shifts were not statistically signifi-
cant except that more damaged trees tended to have lower Ay in
posthurricane wood compared to prehurricane wood (Figure S3).
Shifts in anatomical traits were fairly consistent across species
in the direction of their response but differed in terms of statisti-
cal significance. For instance, A;, and A,; showed a tendency to
increase, indicating production of wider vessels in posthurricane
wood compared to prehurricane wood (although the effect was
only marginally significant for individuals of one species for A,
and, for Ay, was significant in two species and marginally signifi-

cant in another one, Figure 4a,b). V. tended to shift negatively

skew
across species (reflecting an increase in the size distributions of
vessels in the posthurricane wood) but the effect was not signifi-
cant for individual species (Figure 4c). Nine species showed a sig-

nificant increase in Kh in wood produced after the hurricanes

area
(Figure 4d). The tendency for F . to decrease was weak, with
only one species showing a significant effect and another species

showing a marginal significance (Figure 4e). F;; tended to decrease

Vskew -

Fres
Fflb -

I T 1T 1T 1
g s T F & 5
© s x @z
< g 3 - > >
X 5 s 8
e o W
LW

after the hurricanes with three species showing significant effects
and three showing marginally significant effects (Figure 4f). In
terms of parenchyma fractions, Fpar(total) and Fpar(ray) consistently
shifted towards increased values, with two species showing sig-
while for F

nificant effects for F y no individual species

par(ray]
had a significant increase but six showed marginally significant in-

par(total)’

creases (Figure 4g,i). There were no consistent or significant shifts

in Fpar(axial) (
wood for all species but the effect was significant for only three

Figure 4h). V., tended to be higher in posthurricane

species and marginally significant for one (Figure 4j). There were
no clear patterns (and no statistically significant species-level ef-

fects) for Vgrp (Figure 4k).

3.3 | Coordination between growth and anatomy

We found few significant relationships between growth rates
and anatomical traits when independently evaluating the pre-
or posthurricane periods (Figure 5). Among species (i.e. at the
community-level), there were no significant effects for any traits
for the pre- and posthurricane periods. At the species level, we
found significant associations between traits and growth rates
only for I. laurina (five instances of significant and two marginally
significant trait-growth relationships). Specifically, prehurricane
esandV,
(Figure 5d,e,j). Posthurricane growth rates were positively asso-
ciated with A, and Foartotaly

(Figure 5a,e,g,j). For the remaining species, trait-growth relation-

growth rates were negatively associated with Kh

area’ I:v den

and negatively with F and V,
ships were not significant for either hurricane period. Although
most species-level effects were non-significant for both the pre-

and posthurricane periods, the range and variation of effects
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FIGURE 4 Estimated coefficients from hierarchical Bayesian models of shifts in 11 xylem anatomical parameters (panels a-k) before and
after major hurricanes for 65 trees from 10 studied species. See Table 1 for abbreviations of anatomical parameters.

were notably larger for the posthurricane period. In general,
larger trees tended to have higher prehurricane diameter growth
rates than smaller trees, but the effect was not significant for
posthurricane diameter growth rates and damage was not related
to posthurricane growth rates in this study (Figure S4). Results
for basal area growth rates were similar to those of diameter
growth rate (Figure S5); although larger trees did tend to have
high basal area growth rates in both the pre- and posthurricane
periods (Figure Sé).

4 | DISCUSSION

We characterized variation in xylem anatomy of wood produced before
and after a major hurricane for 65 trees representing 10 species in Puerto
Rico. Our main findings (1) reveal significant variation of anatomical traits
within individual trees, suggesting that individual-level phenotypic ac-
commodation in xylem anatomy can impact the response of tropical for-
est trees to hurricane disturbance; (2) provide evidence for directional
shifts in xylem anatomical traits following hurricane disturbance that
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FIGURE 5 Correlations between stem diameter growth rates and anatomical traits in wood produced during the pre-hurricane
(2011-2016) and posthurricane (2017-2020) periods for 65 trees from10 species of Puerto Rican trees, in models that include a term for size

differences among individual trees.

were: (i) fairly consistent across species and (i) generally associated with
increased vessel area and density, theoretical hydraulic conductivity,
total and ray parenchyma fractions and decreased fibre fraction; and (3)
offer weak evidence for a direct association between individual tree di-
ameter growth rates and wood anatomical traits.

4.1 | Structure of xylem anatomical variation

Because the species included in our study span a wide range of
life-history strategies, exhibit high variation in previously meas-
ured functional traits, and have diverse responses to hurricanes
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(Uriarte et al., 2012; Zimmerman et al., 1994), we expected the
majority of variation in xylem anatomical traits would occur
among species. Nonetheless, previous research—including in our
study area—has shown a high degree of trait variation within-
species and within-individuals, which has important implications
for population-level responses to environmental heterogeneity
(Messier et al., 2010). Indeed, among-species variation repre-
sented the largest component of variation for all anatomical traits,
explaining 41%-92% of the total variation in our measurements
for a given trait. Overall, the magnitude of individual and within-
species variation highlights the potential for intraspecific variation
and phenotypic accommodation of anatomical traits to shape the
response of trees to disturbance.

To some extent, the high degree of anatomical variation we
found among species reflected our general understanding of
life-history strategies across the focal species. Vessel lumen area,
for example, was largest (by far) for the shade-intolerant pioneer, C.
schreberiana, whereas several late successional, shade-tolerant spe-
cies (e.g. Manilkara bidentata, Matayba domingensis) tended to have
smaller vessels (Figure S2). However, another early successional
species (Schefflera morototoni) had similar vessel sizes as some typ-
ically late-successional species (e.g. Dacryodes excelsa and Sloanea
berteroana), while smallest vessels were observed in mid-succes-
sional species (C. arborea). It is important to note, however, that
these descriptive generalizations do not account for differences in
height of the trees sampled across species, which has a strong influ-
ence on vessel diameter (Olson et al., 2021). Future work focused
on more general links between wood anatomy and tree life-history
strategies will provide valuable additional context for our results.

4.2 | Directional shifts in anatomical traits
following hurricanes

Dendrochronologists have long used within-individual variation of
annual growth rings to study long-term climate variability. Although
recent research has focused on detecting climate extremes and
other environmental factors (e.g. fire, herbivore outbreaks) using
xylem traits at inter- and intra-annual time scales, most studies have
focused on temperate (often coniferous) forests with relatively few
studies based on tropical angiosperms (but see e.g. Groenendijk
et al.,, 2014; Zuidema et al., 2013).

We are aware of only one previous study (Drew, 1998)—based
on one tree species in Puerto Rico (Cyrilla racemiflora, not included
in our study)—that investigated response of wood anatomical traits
to hurricane disturbance. Drew (1998) reported increased vessel di-
ameter and vessel density in wood produced shortly after hurricane
Hugo, corresponding to increased potential hydraulic conductivity,
which was also associated with elevated wood production and flow-
ering. In fact, Drew (1998) proposed that these patterns may reflect
a general ‘signature’ of past hurricane disturbances.

Consistent with Drew (1998), we detected some directional
shifts in xylem anatomical traits across individual trees and across

species that correspond with increased hydraulic conductivity. The
statistical significance of the species-level effects was mixed but
rather consistent in terms of direction, at least for vessel traits re-
lated to hydraulic conductivity. Although increase in vessel size is
expected as a means to offset an increase of total path length re-
sistance due to height growth (Echeverria et al., 2019), we observed

shifts in vessel traits and Kh

.rea €N after taking into account shifts

in DBH (used as a proxy for height growth). Moreover, while we lack
individual-level data on height loss due to the hurricane for our focal
trees, other research has shown that 73% of our study area lost 21 m
in canopy height due to the 2017 hurricanes (mean loss 7.1m) and
showed that even by 2020, there remained a substantial net loss of
canopy height (Leitold et al., 2021). These results suggest that most
trees were likely shorter during the posthurricane period compared
to the prehurricane period, despite continued diameter growth.
Altogether, our analysis suggests that changes in vessel traits were
more likely to be a response to disturbance rather than differences
in tree size.

An increase in theoretical hydraulic conductivity may be fa-
voured during postdisturbance periods because it facilitates
greater transpiration per given leaf area and more rapid growth
and recovery, provided water and nutrients supply is not limiting.
Alternatively, higher theoretical conductivity may be a response
to an increased water demand imposed by higher light availabil-
ity. Wider vessels and associated traits (e.g. intervessel pit size,
Wheeler et al., 2005) may increase the risk of hydraulic failure
(Isasa etal., 2023; but see Lens et al., 2022). However, in our study,
positive shifts in vessel area and density were small and likely their
This shift
may avoid risky changes that could lead to embolism, while still

cumulative effect contributed to a larger shift in Kh, ..
achieving increased conductivity.

Ray parenchyma fraction (F tended to be higher in post-

par(ray))
hurricane wood and it showed the strongest and most consistent
effects among all tissue fractions. Given that rays are main path-
ways of bidirectional radial water and nutrient transport, higher
Fpar(ray) implies larger volumes of nutrients and water may move
radially and facilitate hydraulic recovery, drought resistance, os-
moregulation, defence, storage and new growth (Hartmann &
Trumbore, 2016; Tomasella et al., 2019). The marginal increase
in Fpar(total
renchyma fraction would be beneficial if more resources di-

) Was contrary to our expectation that lower total pa-

verted from parenchyma maintenance or storage could be spent
on growth. However, higher Fpar(mtal) was primarily driven by an

increase in F and the benefits of higher ray fraction may

par(ray)’

indeed outweigh the costs of higher F We observed no

par(total).”

consistent significant shifts in F this result is not straight-

ar(axial)?
forward to interpret because Iiv?n; fibres, which are functionally
similar to axial parenchyma, were present in the xylem of seven
out of ten of our study species and we did not quantify their frac-
tion. As in other studies, it is possible that axial parenchyma and
living fibres trade off in our study species (Plavcova et al., 2023).
We note that the prehurricane period considered in our study

(2011-2016) encompasses a drought that peaked in 2015 (Hogan
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etal., 2019; Umana & Arellano, 2021). Although we cannot fully sep-
arate the effects of hurricane and drought, we do not expect the
2015 drought to have strongly affected our results for several rea-
sons. First, the drought represented a relatively short period during
our prehurricane period, which integrated wood produced over a
5-year period (2011-2016). Second, the drought tended to reduce
tree growth rate (Feng et al., 2018; Schwartz et al., 2020; Umana &
Arellano, 2021), so wood produced during that period should repre-
sent a relatively small proportion of the total wood produced during
the prehurricane period, and therefore have a relatively minor
contribution to the average prehurricane anatomical trait values.
Nonetheless, a valuable direction for future work will be to explicitly
untangle independent and interactive effects of drought and wind

disturbance on wood anatomy.

4.3 | Direct coordination between growth
rates and anatomical traits

We targeted individuals with higher posthurricane growth rates in
part because they produced sufficient amounts of wood for ana-
tomical analysis; however, there was substantial variation in these
growth rates and prehurricane growth rates for these trees were
representative of the larger population. Consequently, our posthur-
ricane results should be interpreted as representative of the best
performing individuals, not as general trends encompassing the
entire range of growth responses (including reduced or no-change
growth rates), which were observed in our study site (Umafa &
Arellano, 2021).

We did not find strong evidence for an overall coordination be-
tween growth and anatomical traits, either for pre- or posthurricane
periods. Prior studies in undisturbed forests reported similar lack
of correlations between growth rates and vessel area (Osazuwa-
Peters et al., 2017), or positive correlations of various strengths (Fan
et al.,, 2012; Hietz et al., 2017; Poorter et al., 2010). Interestingly,
although Kh

translate to higher diameter growth. This suggests that more con-

.rea iNCreased after the hurricane, this increase did not
ductive wood may facilitate growth in different parts of the tree (new
branches and foliage), or it is a response to higher water demand im-
posed by higher light availability, or actual stem conductivity is lower
than our measured theoretical conductivity. Similar to other studies,
we also found no significant associations between growth and tissue
fractions (Osazuwa-Peters et al., 2017). Overall, despite different an-
alytical approaches (e.g. Pearson's correlations vs models accounting
for tree size, as used here) and growth measures (e.g. relative vs ab-
solute), our results align with previous findings, suggesting that other
factors (see below) may decouple a direct link between wood anat-
omy and growth independently of growth conditions. Interestingly,
the range and variation of anatomy-growth effects was larger for the
posthurricane period, suggesting that anatomy-growth relationships
were more stochastic in the time after the hurricane.

Reasons for partial decoupling between growth rates and anat-
omy are manifold. First, stem diameter growth, as we measured,

Functional Ecology e e
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does not capture all aspects of tree growth (Hilty et al., 2021),
some of which may be especially important in early posthurri-
cane phases of recovery (e.g. canopy filling). Second, growth rate
plasticity is affected by a suite of interacting factors both inter-
nal and external to the plant. In other words, growth rates of in-
dividual trees are highly stochastic and governed by interacting
processes such that it may be overly simplistic to expect strong
direct correlations with anatomical traits (lida et al., 2014; Paine
et al., 2015). Third, measurement precision and low temporal
resolution may partly inhibit our ability to link growth rates and
xylem anatomy. For example, error in our growth estimates may
have been introduced by drought (see above) or small amounts of
bark growth. Finally, the variation in the growth rates measured
in our study was likely smaller than the overall variation across all
trees, thus reducing our ability to detect putative growth-anat-

omy relationships.

5 | CONCLUSIONS

Overall, our results suggest that adjustments of xylem anatomy to
hurricane disturbance may have implications for altered suscepti-
bility to subsequent hurricanes, drought or other disturbances, but
may not necessarily have a clear direct effect on posthurricane di-
ameter growth. Further work on the response of xylem anatomy to
disturbance may provide valuable insights into other aspects of tree
growth, as well as hydraulic, nutrient transport and storage strat-
egies that can influence future resistance and resilience of forest
ecosystems.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Notes S1. Details of anatomical lab processing.

Figure S1. Walter and Lieth climate diagram generated by
ClimateCharts.net (Zepner et al., 2020) for Rio Grande, Puerto Rico,
near the Luquillo Forest Dynamics plot. Climate data is drawn from
CRU Time Series v4.05.

Figure S2. Shifts in wood anatomical traits before and after the
2017 hurricane season for 65 sampled trees of 10 species in the
Luquillo Experimental forest, Puerto Rico. Each segment represents
trait values calculated for each tree; the left side of line segments
correspond to pre-hurricane trait values; the right side of segments

correspond to post-hurricane trait values.
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Figure S3. Estimated coefficients for the effect of stem diameter
growth, ADBH, and damage category (low, medium, high) on shifts
in anatomical traits in wood produced before and after major
hurricanes for 10 species of Puerto Rican trees (parameters b1 and
b2 from Equation 1 of the main text).

Figure S4. Estimated coefficients for effects of tree size (a, b) and
damage (c) on relationships between stem diameter growth rates
and anatomical traits for pre-hurricane wood (a) and post-hurricane
wood (b) for 10 species of Puerto Rican trees (parameters b, and b,
from Equation 3).

Figure S5. Estimated relationships between the difference in
basal area growth rates (post minus pre-hurricane values) and
shifts in anatomical traits (post minus pre-hurricane values) at the
community-level (black circles) and 10 tree species (colored points)
in Puerto Rico. Points are filled if the 95% credible interval does

not overlap zero. Positive coefficients indicate that larger shifts in

anatomy are related with larger shifts in growth rates between the
pre- and post-hurricane periods.

Figure Sé6. Estimated coefficients for effects of tree size (a, b) and
damage (c) on relationships between basal area growth rates and
anatomical traits for pre-hurricane wood (a) and post-hurricane
wood (b) for 10 species of Puerto Rican trees (parameters b2 and b3

from Equation 3).
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