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Tree crown damage from disturbance events strongly influences forest demography, yet
its effect on stem growth remains poorly quantified, with both positive and negative
impacts reported. Hurricanes provide a powerful natural experiment to examine these
dynamics, generating a broad range of structural damage across individuals and forest
stands. Here we assess how crown damage from Hurricane Maria (2017) affected post-
storm stem growth in a wet subtropical forest in Puerto Rico by combining airborne
LiDAR with field measurements for 1,082 trees. Unlike previous studies, paired pre- and
posthurricane LIDAR assessment enabled us to quantify crown damage as a continuous,
objective variable across the canopy. Using a causal inference framework, we separated
individual- from neighborhood-level effects, defined as the damage that occurred within
a 5 m radius of each tree. Repeated stem growth censuses allowed direct comparison
of individual growth responses before and after the hurricane. Across the community,
posthurricane stem growth rates were similar to prehurricane values. Larger and more
heavily damaged trees exhibited moderately reduced growth, while neighborhood crown
damage and mortality had no detectable effect. However, these damage effects were
smaller than the influence of prehurricane growth rates, indicating that prehurricane
individual vigor outweighed biomass loss and competitive release in shaping growth
responses. These findings highlight the resilience of surviving trees in sustaining carbon
uptake after a severe disturbance and challenge the assumption of strong postdamage
growth suppression that is embedded in dynamic vegetation models.

cyclone | crown damage | competitive release | forest disturbance | LiDAR

Crown damage is a common outcome of forest disturbances and can affect tree demog-
raphy long after the event (1, 2). By reducing biomass and leaf area, damage influences
delayed survival and growth, leaving long-lasting legacies in forest structure (3-6). These
disturbances play a central role in shaping forest dynamics and affect key ecosystem pro-
cesses, including carbon storage, water cycling, and nutrient fluxes (7—10). As climate
change is projected to intensify storms, pests, and other disturbance agents, crown damage
will likely become even more widespread (11-13). Yet despite growing insights into how
damage shapes mortality (2, 14, 15), its effects on growth remain poorly understood,
even though growth is fundamental to long-term carbon sequestration and ecosystem
resilience (16).

The limited empirical evidence on how crown damage shapes tree growth constrains
our ability to represent these effects in models (1, 17), even though capturing such dis-
turbance legacies is crucial for predicting how forests will respond to global change (18).
Current vegetation demographic models highlight this gap. While some modeling
approaches have begun to incorporate both the immediate and delayed effects of damage
on mortality (19-22), comparable representations of damage effects on growth remain
limited. An example is ELM-FATES, a dynamic global vegetation model that simulates
how individual trees grow, compete, die, and respond to disturbance within an Earth
system modeling context. In its representation of disturbance, biomass loss directly reduces
stem growth, based on observations from a Panamanian forest that is unaffected by
large-scale disturbances (1). This relationship may not hold in disturbance-prone ecosys-
tems, where species have evolved under recurrent disturbance regimes and may possess
traits that promote resilience (23, 24).

Hurricanes (also referred to as cyclones or typhoons) offer a valuable natural experiment
for studying the effects of crown damage on tree growth, addressing this knowledge gap.
In tropical regions, these storms cause widespread canopy opening and biomass loss across
both coastal and inland forests (7, 25, 26). Because hurricanes generate a wide range of
damage severity, both to individuals and their neighbors, they create an ideal setting to
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evaluate how tree growth scales with varying levels of individual
and neighborhood damage (4). Field studies of hurricanes show
that crown damage can influence stem growth in opposing ways.
Growth rates in surviving trees may increase after a storm (3, 5,
27, 28), either because neighborhood mortality reduces compe-
tition, which positively impacts the focal tree (“competitive
release”), or because branch loss stimulates new growth by a prun-
ing effect. Conversely, extensive loss of biomass from the canopy
can reduce photosynthetic capacity and suppress growth (“biomass
loss”), sometimes compounded by increased heat stress or addi-
tional storm effects such as salt intrusion in coastal forests (29-31).
These contrasting mechanisms, competitive release versus biomass
loss, often occur simultaneously, complicating efforts to disentan-
gle their contributions. Previous studies, while spanning a range
of storm intensities, still relied on categorical indices of damage
severity (e.g., ref. 32) because data for predisturbance crown con-
ditions were not available (3, 33). Yet crown damage severity is
likely a key determinant of whether growth is stimulated or sup-
pressed. With more precise measurements of individual- and
neighborhood-level damage, we can better study the relative
importance of competitive release versus biomass loss.

Small-footprint airborne LiDAR offers a potential solution to
quantify prehurricane forest structure and storm damage. By pro-
viding three-dimensional data on forest structure, repeated pre-
and postdisturbance LIDAR surveys provide robust, quantitative
measures of canopy loss and recovery at the individual tree level,
including height loss and crown expansion (34). This approach
enables estimation of direct damage to focal trees and to the sur-
rounding neighborhoods, helping to separate damage-driven
growth reductions from competitive release. When integrated with
repeated field measurements of stem growth, LIDAR-derived can-
opy metrics allow for a more comprehensive quantification of
postdisturbance growth dynamics, revealing patterns of damage
and recovery difficult to detect through field methods alone.
Together, remote and field-based observations can thus provide
unique insights into the complex, multiscale impacts of hurricanes
on forest structure and stem growth (35). Additionally, comparing
LiDAR-based estimates with categorical assessments of field dam-
age provides an additional test of robustness, as each method car-
ries limitations: field surveys rarely include prehurricane baselines,
while LiDAR faces challenges in accurately delineating crowns
and matching them to individual stems on the ground. By com-
bining these complementary approaches, each with its own uncer-
tainties, we can gain confidence if the two methods converge on
similar results.

In this study, we use a time series of airborne LiDAR data to
assess the impact of Hurricane Marfa, a category 4 storm, on stem
growth in a subtropical forest in Puerto Rico. Our goal is to iden-
tify which aspects of damage most strongly influence posthurri-
cane stem growth in canopy trees. In particular, we aim to
distinguish the effects of individual crown damage from neigh-
borhood damage (Fig. 1). We used two complementary measures
to assess the impact of hurricane damage on stem growth: absolute
growth posthurricane and stem growth change (posthurricane/
prehurricane growth ratio). Both measures provide distinct but
valuable insights into the effects of hurricane damage. Absolute
growth highlights the overall “winners” after the hurricane by
identifying which trees grew the most across the community. Stem
growth change, on the other hand, captures individual-level
responses: how a given tree’s growth shifted posthurricane and
which factors influence the extent of that shift.

H. Maria made landfall in September 2017 as the most powerful
hurricane to strike the island since 1928 (36), delivering sustained
winds up to 250 km/h and 500 mm of rainfall within 24 h. It caused
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widespread forest damage, including extensive stem breakage in spe-
cies typically considered resistant due to high wood density (25).
The long-term effects of this storm are still unfolding, making H.
Marfa a benchmark for assessing how intensifying hurricanes under
climate change will alter forest dynamics. Here, we combine data
from three LiDAR acquisitions [2017, 2018, 2020 (34)] with field
assessments of damage and stem growth before and after the hurri-
cane. This unique continuous, individual-level and neighborhood-level
assessment of crown damage allows us to address the following ques-
tions and test the associated hypotheses:

1) What is the effect of a hurricane on community-wide stem
growth of canopy trees following the event? We anticipate
that posthurricane stem growth rates will increase compared
to prehurricane conditions in this wet subtropical forest,
consistent with observations from other wet forests affected
by hurricanes (3, 5). This expected increase aligns with the
hypothesis that hurricane damage reduces competition among
surviving stems, thereby enhancing their growth.

2) What is the impact of individual crown damage, quantified as
crown height lost, on changes in stem growth relative to pre-
hurricane conditions? We hypothesize that crown height loss
has a nonlinear effect on posthurricane stem growth change.
Small to moderate height loss may have a positive effect
because of a reduction in respiration costs, allowing trees to
reallocate resources and increase stem growth. However, when
damage is too extensive, the loss of photosynthetic capacity is
expected to reduce growth.

3) What are the relative effects of focal tree and neighborhood
damage on both absolute stem growth and relative change in
stem growth posthurricane (post/pre-growth ratio)? We expect
that crown height loss will be the strongest predictor due to its
direct effect on a tree’s ability to photosynthesize and produce
sugars necessary for growth. In contrast, neighborhood dam-
age might either promote growth, by reducing competition, or
suppress growth through increased exposure to heat and light
stress. Since growth also reflects environmental conditions, we
also considered topography in the analyses, a known driver of
tree demography at the site (37). We expect that trees situated
on steep slopes or in areas with a high topographic wetness
(leading to anoxic soils) will show slower recovery, resulting
in a more negative relative stem growth response.

4) How do these impacts in stem growth change vary among
species with different life history strategies? We expect species
with fast life-history strategies (pioneers) to benefit most from
the increased light availability after a hurricane, showing the
strongest gains in relative stem growth change. On the other
hand, we expect that resilient long-lived pioneers (23), which
dominate this forest and have evolved with frequent distur-
bances, will show limited effects of hurricane damage.

Results

Our final dataset consisted of 1,082 trees from 19 species that
were established in the canopy in 2016 and then survived H.
Marfa in September 2017 through the next census (2021-2023),
4 to 6y later. The mean DBH of these trees was 42 cm (SD +38.8).
Average recorded height loss was moderate: the surviving trees lost
a mean of 27% of their height (SD +17%), with losses ranging
from 0 to 86% (SI Appendix, Table S1). In absolute terms, this
height loss percentage corresponds to a mean height loss of 5.3 m
(SD $3.4), slightly less than the 7.1 m average recorded for the
Luquillo Experimental Forest as a whole and the 6.5 m loss that
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Fig. 1.

(A) Schematic representation of variables tested for their effect on posthurricane stem growth (absolute and stem growth change). Variables are

categorized into individual-level damage effects, neighborhood-level damage effects, and nondamage effects. We evaluated all damage-related variables in
relation to both absolute stem growth and stem growth change (the ratio of posthurricane to prehurricane growth). Variables estimated from the LiDAR
canopy scans are depicted in green, variables estimated from the field censuses are depicted in purple. Years shown correspond to LiDAR-derived canopy
height measurements, with the hurricane occurring between the 2017 and 2018 surveys. From the nondamage variables, the effect of prehurricane growth
(7) was tested only for absolute stem growth, as it is already incorporated in the denominator of stem growth change. The causal diagram of the hypothesized
interactions is provided in S/ Appendix, Fig. S1 and corresponding effect sizes are shown in Fig. 4. See Materials and Methods for the calculation of the different
variables. (B) Timeline of events with field censuses measuring diameter at breast height (DBH) of all stems in purple, LIDAR scans from which canopy height

was estimated in green and hurricane Maria in yellow.

was reported for the Luquillo Forest Dynamics Plot (LFDP) in
that study (34).

Posthurricane Growth Follows Prehurricane Growth. At the
community level, we found no significant effect of Period (pre-
or posthurricane) on growth: the credible interval overlapped with
zero (95% CI = -0.46 to 0.33) with a mean effect of -0.06.
Only Cordia sulcata showed a significant positive Period x Species

PNAS 2026 Vol.123 No.16 2532451123

interaction (mean = 0.91, 95% CI = 0.31 to 1.53; Fig. 2). Across
individuals, posthurricane responses were heterogeneous: 622 trees
exhibited equal or reduced stem growth compared to prehurricane
rates, while 493 showed increased growth.

The Dominant Drivers of Posthurricane Growth. Contrary to

our expectation, we detected a small linear effect of percentage
height loss on stem growth change rather than a nonlinear effect
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(Fig. 3), as the credible interval of the quadratic part of the model
overlapped with zero (mean estimate = 0.022, CI = -0.002 to
0.045). Therefore, we removed the quadratic term from the
final models. However, we found a small linear negative effect of
percentage height loss (mean = -0.05, 95% CI = -0.10 to -0.01,
Fig. 4B).

We next compared the various effects of hurricane damage on
stem growth (Fig. 1) based on the Directed Acyclic Graph (DAG)
(81 Appendix, Fig. S1) and corresponding models (ST Appendix,
Table S2). Prehurricane growth emerged as the best predictor of
posthurricane growth (Fig. 44), after accounting for tree size, by
including crown area as a covariate in the primary model. An
alternative model using DBH instead of crown area produced
similar results, confirming that this effect of prehurricane vigor
was not simply due to tree size.

Trees that were taller than their neighbors after the hurricane
(higher posthurricane relative height difference, m) exhibited

slightly higher absolute stem growth. In contrast, we found no
effect of prehurricane crown area (m?), tree height loss (%), crown
height recovered (m), neighborhood height loss (%), or neighbor-
hood basal area loss (%) on absolute stem growth.

For stem growth change, we detected significant negative effects
of both prehurricane crown area (m?) and percentage tree height
loss (Fig. 4B). In contrast, height recovered (m), neighborhood
height loss (%), neighborhood basal area loss (%) and relative
height were not associated with stem growth responses. Of the
topographic variables, we found a small negative effect of topo-
graphic wetness index (T'W1I) on absolute stem growth and a small
positive effect of slope (% angle).

Species Differences in Stem Growth Change. We found differences
among species in stem growth change (Fig. 5; Kruskal-Wallis
rank sum test, chi-square = 36.1, df = 19, P = 0.01). Post hoc
pairwise comparisons showed that differences among species were
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Fig. 2. Annual stem growth estimates from prehurricane (2011-2016) and posthurricane (2016-2021-2023) census intervals shown by species and ordered
by demographic strategy (LLP = long lived pioneer; SLB = short lived breeder). Lines connect repeated measurements of pre- and posthurricane growth for
individual trees, colored by whether posthurricane growth increased or decreased relative to prehurricane growth. A red asterisk indicates a significant Period x
Species interaction indicating a different growth trend after the hurricane (Methods and Materials).
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Fig. 3. The effect of individual crown height loss (%) on stem growth change
posthurricane (unit-less). Stem growth change is calculated as post/pre-
hurricane growth ratio, values >1 (orange dotted line) indicate increased
growth in the posthurricane period. Individual height loss is calculated from
the canopy height models (CHM) based on the LiDAR scans in 2017 and 2018.
Individuals are colored by their species’ demographic strategy, LLP = long
lived pioneer; SLB = short lived breeder. The significant linear effect of height
loss (%) on stem growth change is indicated by the thick continuous line, with
the 95% credible interval as dotted lines.

spread across the different life history strategy clusters. Cecropia
schreberiana, a dominant fast-growing species in this forest, had
a significantly higher increase in stem growth than about half of
the other species, most of which showed no change or a slight
reduction in average stem growth, but the other species with a
fast strategy exhibited less distinct growth changes and the fast-
growing species Ocotea leucoxylon even showed reduced growth
posthurricane.

Discussion

With disturbance events increasing in frequency and intensity
globally (13), we need a better understanding of how crown dam-
age affects forest resilience. This study provides an assessment of
postdisturbance stem growth of surviving trees that uses a contin-
uous measure of crown damage, quantified as percentage crown
height loss, rather than traditional categorical damage classes.
Furthermore, adopting a causal inference framework allowed us
to separate individual- from neighborhood-level effects. We found
moderately reduced growth after disturbance for larger and more
severely damaged trees. Crucially, the impact of individual-level
and neighborhood damage was smaller than the influence of pre-
hurricane growth rates, indicating that prehurricane tree vigor is
a stronger predictor of postdisturbance growth than biomass loss.
These findings have important implications for modeling forest
recovery, suggesting that trees that exhibited high growth rates
prior to the hurricane continued to do so postdisturbance.

At the community level, we did not find an increase in post-
hurricane stem growth (Fig. 2), in contrast to findings from other
wet forests affected by less severe hurricanes (3, 5, 27). The excep-
tionally severe damage caused by H. Maria (25), which killed 974
of the 3,501 identified stems, may have opened the canopy to
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such an extent that increased heat and water stress outweighed the
benefits of competitive release (34). As storm intensity is expected
to rise under climate change (11, 38), such outcomes may become
increasingly common. Alternatively, canopy trees may have already
been growing near their physiological limits, preventing further
growth gains. Despite the lack of a community-wide response,
individual trees showed substantial variation, reflecting the heter-
ogeneity in damage severity and underscoring the dynamic nature
of growth responses after the hurricane. The only species with a
significant growth increase was C. sulcata, a small tree that benefits
from increased light and therefore likely responded positively to
posthurricane canopy opening. Prehurricane growth was the
strongest predictor of absolute posthurricane growth across all
individuals, implying that trees already exhibiting fast growth prior
to the disturbance continued to do so regardless of damage.

This finding is consistent with the concept of ecological mem-
ory, in which survivors retain physiological and structural resil-
ience that mediates their postdisturbance performance (39),
underscoring that historical performance matters (37, 40). Such
resilience may be mediated by stored nonstructural carbohydrates
that buffer trees against temporary reductions in photosynthetic
capacity (41, 42). Consistent with this mechanism, dominant,
long-lived species in this forest, such as Dacryodes excelsa and
Manilkara bidentata, exhibited minimal differences between pre-
and posthurricane growth (Fig. 5), suggesting that trees that exhib-
ited high growth rates prior to the hurricane continued to do so
postdisturbance. These results highlight a positive outlook for this
forest: surviving canopy stems, even when exposed to a category
4 hurricane, appear capable of sustaining growth rates comparable
to prehurricane levels, supporting carbon uptake and storage.

We did not find an effect of crown height loss on absolute
posthurricane stem growth (Fig. 44), indicating that across all
individuals, the most heavily damaged trees did not necessarily
grow less in stem diameter. In contrast, crown height loss nega-
tively affected stem growth change relative to prehurricane rates
(Fig. 4B), indicating that individuals that had lost a greater per-
centage of their crown height experienced stronger growth reduc-
tions. This result supports the hypothesis that limited crown
damage may act as a pruning effect leading to higher growth rates
(3), whereas extensive damage is linked to high photosynthetic
tissue losses, suppressing growth (1, 43). However, this effect was
linear rather than the hypothesized quadratic. This negative effect
of damage on stem growth change was also confirmed by the
field-based categorical damage assessment (S7 Appendix, Fig. S5).

The absence of a nonlinear relationship further suggests that
there was no clear threshold of crown height loss beyond which
trees exhibit substantially lower growth rates. Surviving individuals
experienced a broad range of crown height loss (0 to 86%), indi-
cating large variation in damage for trees that survived the storm.
However, these results must be interpreted in the context of sur-
vivorship bias: trees that suffered the most severe damage likely
died and are therefore missing from our dataset, suggesting that
growth reductions for the hardest-hit individuals may be under-
estimated. Mortality was higher for species in the fast strategy
group compared to others, but the range and maximum crown
loss of survivors was similar across all species (S/ Appendix,
Table S1). Since our focus is on surviving trees, this survivor-based
perspective remains appropriate for characterizing long-term
recovery trajectories.

In this context, it is also important to note that we measured
cumulative growth over a 5.5 to 7-y period. Although our statis-
tical models accounted for variation in census intervals among
individuals, this long time span captures the net growth response
rather than immediate postdisturbance effects. Consequently,
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of that response variable. BA loss = Basal Area loss due to mortality

short-term responses, such as growth suppression due to severe
defoliation or structural damage, or rapid growth increases driven
by higher light availability and reduced neighborhood competition
in lightly damaged trees, are not resolved individually but inte-
grated over time. This longer-term perspective is useful for under-
standing sustained trends (3, 5), but it may also help explain why
our results differ from studies that reported positive (3, 27, 28)
or negative (30, 31) growth responses in the same year as, or in
the years following, a hurricane. Notably, the few studies using
tree-ring data, which provide annually resolved growth, docu-
mented growth suppression in the hurricane year but did not show
a strong growth increase in subsequent years relative to long-term
trends (30, 31). This pattern suggests that compensatory growth
after severe disturbance may be limited.

Regarding stem growth change, we also found a small but con-
sistent negative effect of prehurricane crown area (m?, Fig. 4B),
indicating that larger trees experienced stronger growth reductions
following crown damage than smaller individuals. This suggests
that canopy loss disproportionately affects larger trees. A potential
explanation is that bigger individuals have higher respiration costs
associated with maintaining extensive woody tissue and larger root
systems (44). These costs remain even when crown damage reduces
photosynthetic capacity. Although foliage loss lowers overall res-
piration, the remaining tissues still require substantial metabolic
maintenance, placing larger trees at a relative disadvantage com-
pared to smaller ones.

We found no clear effect of neighborhood crown height loss
on either absolute or stem growth change (Fig. 4). This lack of
a clear relationship likely reflects the balance between opposing
mechanisms. While neighborhood damage can reduce competi-
tion and promote growth (4), canopy openings can also elevate
local temperatures and exacerbate drought stress, suppressing
growth. These counteracting processes likely acted simultane-
ously, producing only modest net effects. Additionally, individ-
uals that were most affected by neighborhood damage may also
have died between censuses, again highlighting survivor bias in
this analysis. While this limitation is consistent with the study’s

aims, it may have reduced the availability of data for highly
disturbed neighborhoods.
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An alternative explanation for the absence of an effect of neigh-
borhood crown height loss is the rapid infilling of hurricane-created
gaps through vertical growth of surviving individuals and recruit-
ment of new understory trees, which is also an important com-
ponent of posthurricane recovery and ecosystem resilience. Other
census-based studies on hurricane damage impacts on growth also
included noncanopy individuals (3, 5) and indeed found that
smaller individuals showed a smaller to no growth suppression
than the big trees (5). Canopy photos and CHM from 2020 sup-
port this idea, showing notable crown recovery just 2.5 y after the
disturbance (34). This may have been facilitated by the fast recov-
ery of the dominant palm in this forest, Prestoea acuminata, which
is very resistant to damage (8). In this scenario, only some indi-
viduals of the fastest-growing species, such as C. schreberiana and
C. sulcata, may have fully taken advantage of the brief posthurri-
cane window of reduced competition and increased light availa-
bility. This finding is in line with earlier work showing that
C. schreberiana developed larger crowns in areas that were more
severely damaged by an earlier hurricane (in 1989) (45).

Across species, some showed higher mean growth after the hur-
ricane while others declined (Fig. 5), but these patterns did not
align clearly with life-history strategies or plant functional types
commonly represented in demographic vegetation models (Fig. 5).
It is likely that species in this forest, which have experienced recur-
rent disturbances, possess other traits not captured by standard
demographic classifications (24). These may include mechanical
traits that reduce hurricane damage or enhanced carbohydrate
storage capacity that enables rapid recovery after disturbance.

Among the variables related to the growth environment of these
trees, we found a small significant positive effect of slope (% angle)
on stem growth change and a negative effect of TWI on absolute
stem growth (Fig. 4). A possible reason for these effects is that
steeper terrain increases light exposure and alleviates the anoxic
soil conditions often found in this forest (46). These findings
suggest that topography can mediate recovery trajectories of sur-
viving trees to a small degree, with steeper slopes conferring an
advantage for posthurricane growth.

Opverall, these findings have important implications for mode-
ling forest recovery following major disturbances. Current models
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Fig. 5. Stem growth change posthurricane by species, as the ratio between posthurricane growth and prehurricane growth. The orange dashed line indicates
ratio = 1, with values >1 indicating increased growth and <1 decreased growth in the posthurricane period. Individuals are colored by their species’ demographic
strategy, LLP = long lived pioneer; SLB = short lived breeder. Significant differences between species were tested with a Kruskal-Wallis test with BH correction
for multiple comparisons; the results are indicated with letters in the box plot. Nonoverlapping letters indicate a corrected P value >0.05. Refer to S/ Appendix,

Table S1 for species abbreviations.

that include a damage module include a dominant negative effect
of biomass loss on growth based on findings from Barro Colorado
Island, a nonhurricane forest in Panama (1). However, we found
only a very small negative effect of crown height loss on growth,
similar to other studies from other wet hurricane forests (3, 27).
Across the community, growth rates of survivors remained largely
stable or even increased relative to prehurricane levels. One pos-
sible explanation is that dominant species in these hurricane-prone
forests are evolutionarily adapted to recurrent disturbances and
possess traits that buffer against stress and facilitate recovery (47).
This highlights the need to study the effects of crown damage on
demography across different biogeographical contexts, including
dryer forests (29, 48), since assumptions based on one ecosystem
are unlikely to be generalizable across forest types or regions.
Furthermore, our study demonstrates the value of integrating
field-based growth measurements with airborne LiDAR (35, 49).
Unlike previous remote sensing efforts focused on canopy- or
plot-level impacts, our approach links tree-level crown damage to
stem growth trajectories (34, 49). This integration connects struc-
tural disturbance to demographic performance, helping to assess
shifts in growth trends after disturbance (35). By combining
growth censuses with remote sensing data, we also overcome the
limitations of posthurricane field-based damage assessments and
we can directly quantify individual tree recovery over time.
Together, these approaches deepen our mechanistic understanding
of how crown damage influences tree growth and forest resilience.
Notably, our results show that severe structural damage does not
necessarily lead to immediate mortality as some trees lost up to
86% of their crowns yet remained alive 5 y later. Furthermore,
crown heightloss in the neighborhood was only weakly correlated
with basal area loss as estimated from mortality in the field census

(Pearson’s r = 0.28; SI Appendix, Fig. S2). This highlights the
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ongoing challenge of defining reliable remote sensing thresholds
for tree death.

From a carbon dynamics perspective, our findings suggest that
the primary effects of hurricanes in this forest are expressed through
abiotic effects on soil processes (50, 51), biomass loss and decom-
position (9, 19, 52, 53), and mortality (2, 25), rather than through
persistent negative effects on the growth of surviving individuals.
Structural damage, quantified here as crown height loss, did reduce
posthurricane growth, but the magnitude of this effect was small.
Nonetheless, substantial crown loss is likely to alter individual
carbon balance (1), potentially over timescales longer than those
captured in our study. Understanding how crown damage drives
both immediate and delayed mortality is therefore critical (15), as
these dynamics coupled with growth of damaged survivors are the
dominant drivers of hurricane impacts on biomass at the stand
level. As disturbance frequency increases under future climates,
cumulative stress could progressively reduce tree resources, even-
tually amplifying growth declines (54) and mortality. Yet the dom-
inant canopy species (D. excelsa, M. bidentata, and Guarea
guidonia) maintained stable growth rates and saw mortality rates
of only 20% and 18% (SI Appendix, Table S1), even with this
category 4 storm. This highlights the resilience of these dominant
taxa and suggests that the forest’s core contributors to carbon stor-
age can maintain growth rates under severe disturbances.

Materials and Methods

study Site. This study was conducted in the long-term, 16-ha LFDP (SW corner
18°20"N, 65° 49" W), located in the Luquillo mountains of northeastern Puerto
Rico (55). The site is classified as subtropical wet forest (56) and is characteristic
of the tabonuco forest zone, named for its dominant canopy species (D. excelsa).
Mean annual rainfall is approximately 3,500 mm, mean temperature is 25.2 °C,
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and elevation ranges from 333 to 428 m a.s.|. The LFDP has experienced multi-
ple natural and anthropogenic disturbances over the past century. Before 1934,
portions of the plot were lightly logged and farmed for household agriculture
(55), but forest structure and canopy cover have since recovered. In the past 50y,
the LFDP has also experienced three major hurricanes: Hugo in 1989, Georges
in 1998, and Marfa in September 2017. Basal area was estimated to average
36.7 m* ha~" atthe time of hurricane Hugo, 30.85 m” ha™" at the time Georges
struck, and 38.37 m*ha~" in 2016, the year before Marfa struck the forest.

Growth and Location Data. All stems = 20 cm DBH in the LFDP have been
mapped and measured at 5-y intervals since 1990, available from the Luquillo
LTER (57). For this analysis, we quantified stem growth between census 5(2011)
and census 6 (2016; "prehurricane”) and between census 6 and census 7 ("pos-
thurricane”). Stem densities particularly of small stems increased substantially
following H. Marfa, leading to an extended duration of census 7, which began
in the second half of 2021 and was completed mid-2023 (Fig. 1B). Therefore,
posthurricane growth was calculated as the total growth between censuses 6
and 7 divided by the time interval between measurements for each tree, then
converted to an annual rate by multiplying by 365. The same procedure was
used to calculate prehurricane growth between censuses 5 and 6. Our prehurri-
cane estimate spans the 2015-2016 drought period, which temporarily reduced
growth rates across the site (40, 58). However, drought impacts were modest and
species-specific, and most trees exhibited partial recovery in 2016 (40, 59). We
therefore consider prehurricane growth a valid reference for comparison with
posthurricane growth. Because of the extended duration of census 7, we tested
whether “census duration” (the number of days between each tree's census 6 and
7 measurements) affected absolute growth, as trees measured laterin 2023 had
more time to recover from hurricane damage than those measured in 2021. We
indeed found a small but significant positive correlation between census duration
and absolute posthurricane growth (Pearson r = 0.15, df = 1080, P <0.01).
Consequently, census duration was included as a covariate in all subsequent
models analyzing growth responses.

Crown Height from LiDAR. The most evident structural impact of a hurricane is
the reduction in tree height (60). Therefore, to quantify crown damage, we used
airborne LiDAR data collected by the G-LiHT Airborne Imager (61) to calculate
crown height loss. Data acquisition occurred in March 2017 (prehurricane), April
2018 (7 mo posthurricane), and March 2020 (2.5 y posthurricane Fig. 1B). All
three surveys employed the same G-LiHT v2 system, equipped with two VQ-
480i scanning LiDAR units (Riegl Laser Measurement Systems, Horn, Austria) and
an additional high-resolution camera to provide 3-cm resolution RGB imagery
(Phase One, Copenhagen, Denmark) (61). Flights were conducted at a nominal
altitude of 335 m above ground level and a speed of 130 kn, producing laser
footprints approximately 10 cm in diameter (1,550 nm wavelength) and with
an average sampling density of 12 pulses per square meter. Pre- and postflight
boresight alignment ensured vertical measurement accuracy within 10 cm (1
sigma) across all campaigns. CHM were calculated as the difference between
the digital terrain model (elevation of the ground) and the digital surface model
(elevation of the canopy surface) (34). The RGB imagery as well as the processed
terrainand CHM (1 m resolution) from the G-LiHT missions are publicly accessible
through the G-LiHT data portal (https://gliht.gsfc.nasa.gov) (61). Slope and TWI
were calculated from the LiDAR-derived Digital Elevation Model for all trees in
the LFDP based on their locations.

To identify individual tree crowns, we combined the tree height model derived
from the 2017 G-LiHT flights with the high-resolution aerial RGB images from
same flights. First, all crowns within the LFDP in 2017 were manually delineated
from the RGB images (62). This resulted in 3,855 delineated crowns (63), which
closely aligns with the number of stems over 20 cm DBH recorded in the 2016
field census of the LFDP (which are the trees we expect to reach the canopy). The
quality of the manual delineations was validated with three differentindependent
sources: a crowd-sourced crown segmentation on Amazon Mechanic Turk (MTurk);
a smaller-scale accurate manual crown segmentation with additional help of
high-precision field measurements for 124 trees, and the census data from the
LFDP (for details see refs. 45, 63).

Field mapped stem locations in the LFDP are derived using the high-precision
georeferenced locations of the four corners of the 16-ha plot, and a grid imposed
on the 16 ha using field surveying techniques. The survey divided the 16-ha plot
into 400 20 x 20 m plots. Each 20 x 20 plot was further subdivided into 16
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5 x 5 subquadrats, and each tree was mapped within each subquadrat. Using a
stepwise process, we then manually matched the delineated crown polygons to
mapped tree stems in the LFDP from the 2016 census. The method is visualized
in S1 Appendix, Fig. S3, showing the tree stems and delineated crowns. Manual
crown-to-tree assignment was necessary because only a fraction of the stems
censused in the LFDP are visible in the canopy, and most canopy polygons con-
tained several candidate stem points within them, as seen in S/ Appendix, Fig. S3.
Furthermore, normal surveying errors, tree growth patterns, and the complex
topography of the site led to imprecise field mapped stem locations.

For the manual crown-to-tree mapping, the LiDAR-derived crown polygons
and the field stem position points were superimposed on the RGB images of
the LFDP from 2017.The 3,855 crown polygons had initial species designations
that had been algorithmically assigned. Using a spatially sequential approach,
polygon species assignments were corrected based on visually distinctive spe-
cies characteristics. Crown polygons were then matched to individuals based on
species visual canopy characteristics, size, and physical proximity to previous tree
assignments. The first stem assignments matched large canopy polygons to the
largest DBH individuals, on the assumption that these were most likely to match
canopy-height trees. Multiple passes over an area were used to assign progres-
sively smaller trees, using relative distance to already-assigned trees as additional
information when there were multiple candidate stems for a polygon. Remaining
crowns where multiple stem candidates in the vicinity of the crown polygon made
identification uncertain were excluded from the analysis. This resulted in 3,501
crowns matched to individual trees in the LFDP.

Next, we refined the identified crown polygons using the ForestTools package
(64)in R by integrating the canopy height model, guided by the crown centroids
from the manual delineations. This step allowed better separation of neighboring
crowns that were difficult to distinguish visually from the RGB imagery alone.
Finally, the resulting ForestTools delineations were manually updated once more
to exclude adjacent tree crowns that were unusually flat and had been erroneously
merged by ForestTools, such as instances involving individuals of C. schreberi-
ana. Using the centroids of these polygons for 2017 as a starting point, we then
again used the ForestTools package with the CHM to create crown delineations
for the same trees in 2018 and 2020. In all ForestTools delineation steps, the
minimum height was set to five meters, assuming any vegetation below five
meters was not part of the crown. This automatically excluded major tree fall
gaps in the posthurricane delineations for 2018. Crown segmentation based
on the full LiDAR point cloud and an automatic 3D crown delineation algorithm
(AMS3D) found very similar canopy damage estimates to this estimation based
on manual delineations and the CHM (63).

Crown Damage Variables. Using the crown polygons corresponding to identi-
fied stems, we calculated the damage variables of interest (Fig. 1). Prehurricane
crown area (m?) and average crown height (m) were measured from the final
crown polygons and the CHM of 2017. The CHM had a resolution of 1 m, so
when a tree crown only partially overlapped with a pixel, we calculated the pro-
portion of that pixel covered by the crown. The average crown height was then
derived by averaging canopy heights across all intersecting pixels, weighted
by the proportion of each pixel covered by the crown. Percentage crown height
loss between 2017 and 2018 was calculated from the 2017 crown polygons,
using the average crown heightin that polygon in 2017 and in 2018, as [(height
"17-height "18)/height '17] x 100%. Additionally, we calculated posthurricane
crown heightsin 2018 and 2020 from the crown polygons from 2018 and 2020.
These data were used to calculate crown height recovered posthurricane (m), as
(height "20-height '18). Additionally, we calculated average canopy height in
the neighborhood, using a 5 m buffer around each polygon in 2017 and 2018.
We also tested our models using the same variables but with a buffer width of
10,15, and 20 m, to test the robustness of this distance cutoff. The results of the
Bayesian models (see Statistical Analysis below) were the same for all buffer dis-
tances, so we chose 5 m as the size that best captures the potential positive effect
of decreased competition, as well as the potential negative effect of increased
temperatures and potential drought stress. The neighborhood heights were used
to compute percentage average neighborhood height loss between 2017 and
2018.The difference between focal tree in 2018 and neighborhood height was
used to calculate the relative height difference of the focal tree in 2018. Last, we
also calculated the live basal area that was lost in the 5 m neighborhood due to
mortality from field data by comparing alive and dead trees in census 6 (2016)
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and a damage census that was done posthurricane (2018). We identified all
stemsin the 5 m buffer around each focal tree from their field mapped locations
and calculated the basal area (%) that was lost between 2016 and 2018 because
the trees died.

Given the challenges of accurately matching crowns with their corresponding
trees and to ensure data quality, we excluded stems from the 3,501 matched
crowns based on several criteria. Trees that died between the field damage
assessment and the seventh census were removed due to the absence of post-
hurricane growth data (n = 974). We also removed stems with a DBH (1.30 m)
<20 cm in the census in 2016, as identifying crowns of smaller trees is particu-
larly difficult, even if they reach the canopy (n = 93). All palms (n = 361) and
Ficus (n = 14) species were excluded because their stem diameter increases
do not reliably indicate growth. We also excluded trees where the field damage
assessment from 2018 (see ref. 25) differed substantially from the percentage
height loss estimated remotely, as this discrepancy strongly suggests incorrect
crown-to-tree matching. Specifically, stems with measured crown loss >90%
but classified as “Light damage” in the field (n = 3) and those with crown
loss <10% but recorded as "Heavy damage” (n = 149), were removed. While
these cutoffs are intentionally wide, reflecting the different sources and inherent
uncertainties of the two datasets, they provide a conservative way for ensuring
that trees with clearly inconsistent crown-to-tree identifications are excluded
from the analysis. Furthermore, we excluded crowns with an area smaller than
4 m?in 2017, 2018, or 2020 because accuracy is likely too small for those
crowns (n = 219) (34), as well as trees with missing growth rates (n = 485),
mostly because the main stem broke but resprouted, resulting in a living tree
with a DBH 20 cm in 2016, but not in the subsequent census between 2021
and 2023. We also removed trees exhibiting anomalous posthurricane growth
rates (<=1 cm/y or >4 cmly, n = 45) since these outliers were verified as
measurement errors. Last, we removed individuals from species that had <10
remaining individuals (n = 76). This led to a final dataset of 1,082 individuals
of 19 species (SI Appendix, Table S1).

Statistical Analysis. To assess the impact of hurricane damage on stem
growth, we used two complementary measures: absolute growth and stem
growth change. Absolute growth represents stem growth recorded within the
census period that included the hurricane (2017), capturing primarily posthur-
ricane growth (2016-2021-2023). In contrast, stem growth change measures
the relative shift in growth before and after the hurricane, calculated as a post/
pre-ratio using prehurricane growth (2011 to 2016) and posthurricane growth
(2016-2021-2023). Values >1 indicate increased growth in the posthurricane
period. Both measures provide distinct but valuable insights into the effects of
hurricane damage. Absolute growth highlights the overall "winners" after the
hurricane by identifying which trees grew the most across the community. Stem
growth change, on the other hand, captures individual-level responses: how a
given tree's growth shifted posthurricane and which factors influence the extent
of that shift.

We first tested for an effect of period (pre- versus posthurricane) on absolute
growth (Q1). The response variable in this model was annual growth rate, with
two values for each tree from the two census periods (pre- and posthurricane
growth). We developed a Bayesian model using a hurdle gamma distribution,
as the growth values are strictly nonnegative and the data contained a large
number of zeros. The hurdle part of the model captures whether growth was zero
vs. nonzero, while the gamma part models the magnitude of nonzero growth.
We included census duration as a covariate to account for the differences in time
between censuses. For both the hurdle and the gamma part, we modeled growth
as a function of Species * Period, using Tree ID as a random factor to account
for repeated measurements. A significant interaction between the two variables
indicates that growth post hurricane was significantly different from prehurricane
growth in that species.

To evaluate the effects of the different damage and location variables, we
used a Structural Causal Modeling Framework (65-69). We constructed a causal
diagram (DAG; S/ Appendix, Fig. S1) to assess the direct causal effect of each
predictor variable on the outcome of interest. This DAG represents our hypoth-
eses regarding how the damage variables influencing both absolute and stem
growth change are related. After developing the DAG, we tested the testable
implications and confirmed the DAG was consistent with the data. We applied
the so-called "backdoor criterion” to the DAG using the daggity package (70),
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resulting in a minimal set of control variables for each variable for which we
wanted to estimate its association with growth (65). This approach allowed us
to condition the statistical models on control variables based on the DAG, which
closed any noncausal paths between exposure and outcome variable (see ref. 66
for more information on DAG analyses).

Then, to test for a nonlinear effect of damage (Q2), we developed a Bayesian
model using the post/pre-growth ratio as the response variable. The predictors
were all standardized and included individual height loss, its quadratic term (to
assess nonlinear effects), height recovered, neighborhood height loss, and the
relative canopy height of the focal tree compared to its neighbors, as defined by
the study’s DAG (SI Appendix, Fig. S1). The model used an ex-Gaussian distri-
bution with an identity link function to accommodate the skewness in the data.
Species identity was included as a random intercept to account for species-level
variation. This hierarchical structure explicitly accounts for unequal sample sizes
by estimating species-level variance while allowing each observation to contrib-
ute according to its within-species variability. We chose not to apply additional
abundance-based weighting, as it would shift the interpretation from individual-
level growth responses to community-weighted means, which was not the pri-
mary objective of this analysis.

Pairwise correlations showed that none of the predictor variables were highly
correlated (R? < 0.52) allowing them to be safely included in the model (71). The
only variables that showed a slightly higher correlation were individual height
loss and neighborhood height loss, with a correlation of 0.57. To test whether
this led to collinearity problems, variance inflation factors (VIF) were calculated
via a frequentist model using the glmmTMB package (72) using the same set
of predictors, since brms does not compute VIF. All predictor variables had VIF
values below 3, confirming low collinearity.

We continued with additional Bayesian models to test for the effects of all
predictors (individual and neighborhood damage effects, Fig. 1) on the two
outcome variables (Q3; S/ Appendix, Table S2), absolute stem growth and stem
growth change posthurricane. We modeled absolute posthurricane growth
using a hurdle gamma distribution (as in Q1). For both components (hurdle
componentand gamma component), we included the same set of predictors in
each model (S/ Appendix, Table S2). Stem growth change was modeled using
an ex-Gaussian distribution (as in Q2). The differing treatment of species across
analyses reflects distinct model purposes: for the community-wide analysis
(Q1), modeling species and period as interacting fixed effects allowed for direct
hypothesis testing of species-specific temporal shifts. In contrast, for the dam-
age models (Q2 and Q3), species identity was treated as a random intercept to
control for structured biological variation while focusing inference on damage
variables.

Ininitial model development, we evaluated whether adding species-specific
slopes improved model performance. However, leave-one-out cross-validation
comparisons showed no improvement from the inclusion of random slopes.
Therefore, the final models retained only species-specific intercepts. For all
models, species was included as a random factor and census duration was
included as a covariable for all models on absolute growth (Growth and Location
Data). Model fit and adequacy were evaluated per model through posterior
predictive checks based on 500 draws from the posterior predictive distribution
(S Appendix, Figs. S6 and S7), which confirmed that all models provided good
fits to the observed data.

All Bayesian models were developed using the brms package in R (73). Each
model fitting was performed with three Markov Chain Monte Carlo chains, with
800 iterations and 200 warm-up steps, using the cmdstanr backend. We used
noninformative priors and all numerical predictor variables were standardized
(z-scores) prior to analysis.

To test for species-specific differences in stem growth changes (Q4), we used
the nonparametric Kruskal-Wallis test. Following a significant test result, we
conducted pairwise post hoc comparisons using Dunn's test with Benjamini-
Hochberg P-value adjustment to control for false discovery rate. For visualiza-
tion, species were grouped by their demographic strategies based on data from
the LFDP (74, 75), including: species with fast strategy (pioneers), intermediate
species, long lived pioneers, and short lived breeders (S/ Appendix, Table S1).

Because these demographic strategies are based on specific species traits
and variation exists within each group, we also tested whether specific species
traits were associated with stem growth change (76). We evaluated associations
with Specific Leaf Area, leaf N content (%), leaf P content (%), wood density
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(g/cm3), seed size (g), and Leaf Area Index based on species mean values (77),
using species average stem growth change per species as response variable
(n'="19)in Bayesian models as those for Q3. However, we found no effect of any
of these traits on stem growth change. Given that these traits, especially specific
leaf area and leaf nutrient content, can vary considerably within species (78),
we decided not to include these analyses in the main results, and future work
should measure these traits at the level of individual surviving trees. As such, this
trait-based analysis could be regarded as preliminary.

Field Damage Comparison. Last, we compared the damage assessment from
the LiDAR data to the field damage assessment. In the field assessment, which
took place within 8 mo after H. Marfa had passed, damage was classified per
tree as Light (<25% crown lost), Medium (25 to 75%), or Heavy (>75%). We
found that those categories aligned well with the damage assessment from the
LiDAR data: median crown height lost from LiDAR increased from the Light to
the Medium and Heavy categories (S/ Appendix, Fig. S4). As each method has its
limitations (field assessments lack information about prehurricane conditions,
and LiDAR may not always accurately distinguish between individual tree crowns),
this overall alignment of the damage assessments between the methods lends
support to the validity of our analysis.

Additionally, we tested for an effect of damage category from the field
assessment on stem growth change, separate from the LiDAR-based damage
assessment. For this analysis we included all trees >20 cm DBH in the 2016 field
census that were still alive in the following census. We selected all trees from the
same species we had included for the LiDAR based assessment (S/ Appendix,
Table S1) and removed trees with abnormal growth measurements (<=1 cm
annually), resulting in a dataset of 3,812 trees. We then developed a Bayesian
model, defined as: Stem growth change ~Damage class + (1 | Species). We used
an ex-Gaussian distribution, like the previous models for relative stem growth
change. We also tested a version of this model with the exact same dataset as
had been used previously (1,082 trees) and confirmed that our findings on the
effect of damage category on stem growth change were the same with both
datasets (S/ Appendix, Fig. S5): we found a significant negative effect of increasing
damage on stem growth change (Cl for Medium damage —0.14 to —0.05, mean
estimate —0.10; Cl for Heavy damage —0.30 to —0.19; mean estimate —0.25).
All statistical analyses were conducted in R Software (79).
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