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ABSTRACT

Climate change is intensifying hurricanes. Understanding the occurrence and impact of past storm events on
forests provides a critical historical context for recent and projected changes in hurricane activity. Strong winds,
flooding, and saltwater inundation from hurricanes can damage the canopy and roots of trees that, in turn, can
leave a distinct signature in different tree-ring parameters. Here, we evaluate hurricane impacts from major
storms (Category 2-5) on tree-ring width records from three coastal oak forests from New York and Rhode Island,
USA. We analyze additional parameters (earlywood/latewood width and anatomical traits) in Montauk, New
York to better understand the mechanisms of how a storm signature manifests in different tree-ring features. We
find a significant reduction of ring width (RW) and latewood (LW) width, and an increase in the ratio of lumen
area to total ring area (LAR) in the year following major hurricane events. These results illustrate a significant
impact of hurricanes on the growth and physiological functioning of coastal oak trees. Furthermore, when RW
and LAR were used in a combined approach, the effectiveness of pinpointing hurricanes increased, suggesting
potential to reconstruct hurricane events prior to the historical record. Our findings also show a negative as-
sociation between tree radial growth and sea-level height anomalies over the last few decades, emphasizing the

continuous rise in sea level as a serious threat to these coastal ecosystems.

1. Introduction

Hurricanes are among the most destructive natural disasters and are
projected to increase in intensity under continued climate warming
(Knutson et al., 2010; Sobel et al., 2016; Emanuel, 2021). The north-
eastern United States, including the New York metro region, is in the
path of many historical hurricane storm tracks that have moved up the
eastern seaboard from the tropics (Fig. 1a). According to NOAA's His-
torical Hurricane Tracks database, six major Category 3 storms, with
178-208 km/h winds, traversed or made landfall within a 250-km
radius of the New York metro region since 1856 when the records
began (Table 1; NOAA's Historical Hurricane Tracks, 2022; Saffir, 1973,
Simpson, 1974). Category 3 hurricanes are considered “devastating” and
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often cause extensive damage to infrastructure and ecosystems (NOAA,
2012). Nine Category 2 storms, with wind speeds reaching 154-177 km/
h, and considered extremely dangerous and damaging, have also
occurred during this same period.

Tree-ring and other paleotempestological records have been valu-
able for reconstructing historical hurricane and other storm events, and
allow us to better understand the occurrence of these events and their
related ecosystem impacts. Tree-ring records capture environmental
disturbance in their annual rings, such as drought, fire, and insect out-
breaks (e.g., Cook and Jacoby, 1977; Pederson et al., 2013; Margolis
et al., 2022; Speer and Kulakowski, 2017), and can similarly record
hurricane events due to damage to their canopy and limbs from strong
winds and storm surges that can result in a decline in annual radial
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growth (i.e. ring width). For example, studies of Pinus elliottii growing
along the Gulf of Mexico (Tucker et al., 2018, 2025) showed reductions
in radial growth related to storm surges, taking some trees up to six years
to recover depending on the site. Pinus taeda growing in the Mid-Atlantic
coast of Virginia (Fernandes et al., 2018) showed a reduction in growth
related to high winds and storm surges with growth suppression that
lasted up to three years. Busby et al. (2009) evaluated Fagus grandifolia,
Quercus alba, and Quercus velutina from Naushon Island, off the southern
coast of Massachusetts in Buzzards Bay, and concluded that most hur-
ricanes cause minimal radial growth change, with the exception of 1944,
a particularly destructive Category 3 event.

High-resolution wood anatomical records can also record ecological
and climatological disturbances and their impacts on the physiological
functioning of trees (e.g., Castagneri et al., 2020; Zieminska et al., 2023;
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De Micco et al., 2019). Lumen area, and its relation to hydraulic
conductance, has been investigated across different species in forests
impacted by hurricanes, particularly in the tropics (Zieminska et al.,
2023; Drew, 1998), though the impact of hurricane events on wood
anatomical traits has not yet been broadly explored across different
maritime ecosystems, including those of the northeastern United States.

The specific impact of hurricanes on tree-ring records from coastal
forests of the northeastern United States has had limited testing, despite
the significant vulnerability of this region to these catastrophic storm
events (Boose et al., 2001). These forests are particularly susceptible to
hurricane damage given their proximity to the ocean and their locations,
which have the highest frequency of hurricane strikes in the north-
eastern U.S. Between 1900 and 2010, a total of 7-9 strikes occurred at,
or near to, these sites (NWS, 2012; Kunkel et al., 2013, Fig. Sla).

Fig. 1. a) Historical hurricane tracks that came within our search range (250 km of New York City: dashed circle). The categories shown are based on the Saffir-
Simpson Hurricane Wind Scale (Saffir, 1973, Simpson, 1974). Storm track color denotes hurricane category at a given location (see key). b) Inset showing tree-
ring site locations for 1. Montauk, New York, 2. Mashomack, New York, and 3. Newport, Rhode Island. ¢) The scanned sample image (top) compared to the
image that was produced using quantitative wood anatomy methods (bottom). d) Close up of cell detail for 1977 and 1978 with inset highlighting vessel tylosis and
detail on earlywood and latewood separation within a growth ring. The base map for panel (a) and (b) was produced on NOAA's Historical Hurricane Track

interactive mapper: https://coast.noaa.gov/digitalcoast/tools/hurricanes.html
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Table 1
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Hurricane name and year, date range of the storm, maximum wind speed in kilometers per hour, maximum hurricane category based on the Saffir-Simpson Hurricane
Wind Scale (Saffir, 1973; Simpson, 1974), and maximum hurricane category when the storm came within the search range.

Storm Name Date Range Max. Wind Speed (km/h) Max Category Within search radius (250 k)
Esther 1961 Sep 10, 1961 to Sep 27, 1961 140 H5 H2
Unnamed 1944 Sep 09, 1944 to Sep 16, 1944 140 H5 H3
Unnamed 1938 Sep 09, 1938 to Sep 23, 1938 140 H5 H3
Gloria 1985 Sep 16, 1985 to Oct 02, 1985 125 H4 H2
Donna 1960 Aug 29, 1960 to Sep 14, 1960 125 H4 H2
Edna 1954 Sep 05, 1954 to Sep 14, 1954 110 H3 H3
Belle 1976 Aug 06, 1976 to Aug 10, 1976 105 H3 H2
Unnamed 1924 Aug 16, 1924 to Aug 28, 1924 105 H3 H2
Sandy 2012 Oct 21, 2012 to Oct 31, 2012 100 H3 H2
Bob 1991 Aug 16, 1991 to Aug 29, 1991 100 H3 H3
Carol 1954 Aug 25, 1954 to Sep 01, 1954 100 H3 H3
Unnamed 1893 Aug 15, 1893 to Aug 26, 1893 100 H3 H2
Unnamed 1879 Aug 13, 1879 to Aug 20, 1879 100 H3 H2
Unnamed 1869 Sep 07, 1869 to Sep 09, 1869 100 H3 H3
Unnamed 1858 Sep 14, 1858 to Sep 17, 1858 920 H2 H2

Moreover, these forests are also exposed to changes in soil conditions
associated with sea-level rise and storm surges, which may act as an
independent threat or exacerbate the negative effects of hurricane
damage on tree growth (Hall et al., 2022; Raphael, 2014). Overall, these
forests are highly vulnerable ecosystems (Butler-Leopold et al., 2018;
Swanston et al., 2018) and are increasingly marked by stands of dead or
dying trees—commonly referred to as “ghost forests”—visible along the
forest-marsh ecotones of the northeastern coastline (Able et al., 2018;
Kirwan and Gedan, 2019; Sacatelli et al., 2020; Tucker and Pearl, 2021).
Here, we evaluate the sensitivity of tree-ring records from oak
(Quercus spp.) forests in the Northeast to both hurricane events and
rising sea levels, as well as their climate sensitivity to account for other
potential sources of growth variability. We study trees from two coastal
plain maritime sites of Long Island, New York and a coastal plain
hardwood forest in Rhode Island (Fig. 1b, Table 2, Anderson et al.,
2013), and we analyze multiple tree-ring parameters, including ring-
width, earlywood and latewood width, and wood anatomical traits.
Because of tree-ring sensitivity to hurricane damage, centuries-old for-
ests have the potential to not only extend our understanding of hurri-
cane histories and spatial impacts prior to the mid-19th century when
the hurricane records began, but also to understand the relationship
between tree growth, climate, and potential impacts from rising seas.

2. Data and methods
2.1. Tree-Ring sites

We developed ring-width records from Montauk (New York (NY)),
Mashomack (NY) and Newport (Rhode Island, RI), with additional pa-
rameters (described below) developed for the Montauk site, which was
the most recently sampled site (Fig. 1b, Table 2). Montauk, at the
easternmost tip of Long Island's South Fork, has a large natural area,
encompassing approximately 1346 ha of protected land known locally
as “Hither Woods™. The forests are dominated by oak species, inter-
spersed with other hardwoods and are relatively undisturbed by human
activities despite their proximity to New York City. They were described
as extensive and old as early as 1849 (Ayres, 1849; Taylor, 1923).

The Mashomack Preserve, spanning 951 ha and located on Shelter
Island, between the North and South Forks of Long Island (Fig. 1(b),
Table 2), has a diverse array of habitats, including mature oak-

Table 2
Site and chronology information. Forest type from Anderson et al. (2013).

dominated woodlands. The soils at this site, and at Montauk, are rem-
nants of terminal moraines and are well-drained, with low fertility, and
a coarse and sandy texture (Abrams and Hayes, 2008). The Newport site
is located in the Oakland Forest & Meadow Preserve on Aquidneck Is-
land, RI. It spans 12-ha and contains mature hardwoods, including oak
species. Trees at all sites were selected for sampling based on physical
characteristics indicative of older age (e.g. large diameter, twisting
limbs; Pederson, 2010).

2.2. Chronology development

To develop ring-width (RW) chronologies, samples were processed
following standard dendrochronological methods (Cook and Kairiukstis,
1990; Fritts, 1976; Stokes and Smiley, 1968). Cross-dating was verified
with the software COFECHA (Holmes, 1983), and residual (RES) and
standard (STD) chronologies were developed using the ARSTAN Soft-
ware (Cook, 1985). In order to preserve low frequency information and
evaluate the climate sensitivity of the trees, we conservatively detrended
each RW series using a modified negative exponential curve or straight
line fit. The final chronologies were computed with a robust bi-weight
mean of the detrended series and were truncated to when there were
at least 5 series. The RES chronologies, representing high-frequency
variability, were used in all RW analyses to highlight short-term re-
sponses to hurricane events, though we also used both RES and the STD
chronologies, which preserve long-term variability, in comparisons with
sea-level data to study both short and long-term responses in tree
growth.

In addition to total RW, a subset of earlywood (EW) and latewood
(LW) measurements were measured from Montauk oak samples (n = 11
trees) to assess whether there are differential hurricane impacts on
seasonal wood. This is particularly relevant for broadleaf trees, in which
the development of EW and LW is related to timing (seasonality) and
carbon resources used (Fonti and Garcia-Gonzalez, 2008; Kimak and
Leuenberger, 2015). The EW/LW boundaries on the oak trees were
determined qualitatively based on vessel size, with the EW notably
characterized by large vessels and the LW by smaller vessels and fibers
(Lebourgeois et al., 2004). The measurements were done using CooRe-
corder Software (Larsson, 2016) from high resolution (2400 dpi) core
scans. We detrended the series using the same conservative techniques,
and produced RES, EW, and LW width chronologies.

Sites Species Forest type Time Span Elevation (m.a.s.l.) Coordinates # of trees Series inter-correlation
Montauk, NY Quercus alba Coastal Plain Maritime Forest 1737-2018 CE 3 41.0194N, 72.021W 22 0.502
Mashomack, NY Quercus stellata Coastal Plain Maritime Forest 1835-2002 CE 15 41.054N, 72.291W 22 0.504
Newport, RI Quercus alba Coastal Plain Hardwood Forest 1778-1999 CE 64 41.557N, 71.261W 24 0.547
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2.3. Anatomical traits

For vessel anatomical measurements, we sampled oak trees from
Montauk, NY, using 12 mm diameter increment borers and followed
standard procedures (von Arx et al., 2016). In anatomical studies, due to
the time-intensive nature of sample preparation, image analysis and
high signal-to-noise-ratio, a limited number of individuals is commonly
used (von Arx et al., 2016; Carrer et al., 2015). Here, we selected five
trees, which represents a balance between methodological feasibility
and the need for replication. These samples were cross-dated against the
original collection. Subsequently, the cores were sectioned into 4-cm
long segments by making diagonal cuts along the transverse plane to
allow ring overlap between the ends of each segment, and then boiled in
water to soften the wood and facilitate microtome sectioning. Each
wood segment was sliced into transverse sections, 10-12 pm thick, using
a core-microtome (Gartner and Nievergelt, 2010). The sections were
double-stained with 1% safranin and 0.5% astra blue, both diluted in
distilled water, and then rinsed with water and increasing concentra-
tions of ethanol (final concentration: 99%). The samples were mounted
on permanent slides using Eukitt® Quick-hardening mounting medium
(Sigma-Aldrich). Digital images were captured using an Echo Revolve
R-4 microscope, with annual ring borders manually delineated. Vessel
analysis was performed using ROXAS software (version 3.1; von Arx and
Carrer, 2014, see Fig. 1c).

Tyloses, a common anatomical feature in white oaks (Quercus alba),
are outgrowths of xylem parenchyma cells that extend through vessels
into the lumen of most vessels and form during heartwood development
and as a response to stress (Cochard and Tyree, 1990, Kim et al., 2024,
Fig. 1c & 1d). They often form following cavitation events, as cyto-
plasmic contents from adjacent parenchyma cells are drawn into the
vessel lumen through pit membranes, followed by wall deposition and
lignification (De Micco et al., 2016). In ROXAS, we manually removed
tyloses in order to prevent segmentation errors and produce accurate
measurements of vessel area (Fig. S1b). White oak trees also produce
large medullary ray cells, which intersect most annual rings within the
samples and reduce the amount of area that is able to be used to measure
quantitative wood anatomical (QWA) traits. To overcome these limita-
tions, 12 mm cores, as opposed to 5 mm, were preferred for sampling
this species in order to avoid the possibility that a single ray may occupy
the entire measurable area.

From all the QWA traits measured by ROXAS, we selected the lumen
area from all the vessels and calculated for individual rings the ratio of
lumen area to total ring area (excluding rays), which can greatly vary in
their proportion of total ring area each year (e.g., Fig. S1b). We refer to
this as the lumen area ratio (LAR), which therefore represents relative
conductive to non-conductive area in each year. We similarly detrended
each LAR series using conservative methods (i.e., modified negative
exponential or linear models fit to the data), and produced RES chro-
nologies using the same approach as for the RW data.

2.4. Hurricane, sea-level anomaly, and meteorological data

Our analysis of hurricane impacts was limited to events with storm
tracks within 250 km of the New York City and a severity of Category 2
or higher (Table 1, Fig. 1; Knapp et al., 2010; Gahtan et al., 2024),
reflecting the spatial extent over which damaging storms influence large
human populations and nearby coastal forests that provide essential
ecosystem services. According to the Saffir-Simpson Hurricane Wind
Scale (Saffir, 1973; Simpson, 1974; National Hurricane Center, 2021;
Saffir-Simpson Hurricane Wind Scale: https://www.nhc.noaa.gov/a
boutsshws.php), during Category 1 winds “Large branches of trees will
snap and shallowly rooted trees may be toppled” and during Category 2
winds “Many shallowly rooted trees will be snapped or uprooted”
resulting in blocked roads and near-total power loss.

We used Superposed Epoch Analysis (SEA, Haurwitz and Brier, 1981)
to determine the relationship between the major hurricane events and
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the RES tree-ring chronologies from our three study sites. SEA is a sta-
tistical tool that is often used to evaluate the impact of large-scale
climate events and disturbance on proxy records (D'Arrigo et al.,
2013; Davi et al., 2015; Fernandes et al., 2018; Tucker et al., 2018). We
applied the double-bootstrap method of SEA (Rao et al., 2019), where
the uncertainty in radial growth response to the choice of different key
events was explicitly computed using 100 composite matrices of key
events with a random selection of 10 events without replacement. The
statistical significance of the mean response was then determined using
a random bootstrapping method based on 1000 iterations of pseudo-
composite matrices (Rao et al., 2019). In doing so, we evaluate the
variability in the response based on the choice of event key years and for
the hypothesis that this response occurred by chance. The 1st, 5th, 95th,
and 99th percentiles based on 1000 iterations of 10 events chosen at
random signify the relative significance thresholds that need to be
exceeded by mean responses to be statistically significant.

For assessing the climate sensitivity of the three coastal oak sites, we
use gridded average temperature and precipitation data from CRU
TS4.07 (Harris et al., 2020), and monthly CSIC Standardized Precipita-
tion Evaporation Index (SPEI-1; Vicente-Serrano et al., 2014) from the
gridpoint nearest to each tree-ring site. The package treeclim (Zang and
Biondi, 2015) in the R software for statistical computing (R Core Team,
2021) was used to calculate monthly climate correlations with the RES
tree-ring chronologies. The climate correlations were calculated over
the common period of the climate data and all chronologies
(1901-1999).

Lastly, to evaluate sea-level rise (SLR) impacts on tree growth over
time, we compute spatial correlations between the Montauk RW chro-
nology (STD and RES) and sea-level anomalies data from Copernicus
Climate Change Service, Climate Data Store, 2018. The anomalies are
measured as the height of water over the mean sea surface computed
with respect to the 1993-2012 mean using up-to-date altimeter
standards.

3. Results and discussion
3.1. Hurricane signature: ring widths

Of all the hurricane events analyzed, four were Category 3 storms
when they entered the search radius and made landfall near our sites on
Long Island, New York, specifically Montauk and Mashomack. These
include unnamed 1869, unnamed 1938, unnamed 1944, and Carol 1954
(Table 1, Fig. 1). Two other Category 3 storms within our search radius,
Edna (1954) and Bob (1991), did not make landfall on Long Island, but
tracked just off the eastern coast. Of these events, the most notable storm
was in 1938, which hit in mid-September and resulted in a 13-ft storm
surge in coastal Rhode Island with destruction from flooding and wind
damage reported throughout much of New England (Kunkel et al.,
2013).

SEA results indicate that all three sites showed a significant reduction
in RW the year following each hurricane (t + 1). These coastal trees,
therefore, record a statistically significant hurricane signal in their
growth rings alone (Fig. 2). In the northeastern U.S. the hurricane season
occurs from late summer to mid fall, roughly August to October
(Table 1), which is typically after the active period for radial growth in
northeastern forests (D'Orangeville et al., 2022). Growth suppression
during the growing season following the storm is most likely explained
by damage to limbs from strong winds, impacts from inundation, or
intrusion of saltwater during the year of hurricane impact (e.g., Pezeshki
et al., 1990; Hallett et al., 2018). Remarkably, the trees analyzed here
physiologically recovered the overall growth by the second year after
the event (t + 2).

The Mashomack site captures a storm signal but the mean of the
bootstrapped response approaches the 95th percentile significance
threshold rather than the 99th percentile. We hypothesize that this may
be related to the “sheltered” nature of the Mashomack site, which is on
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Fig. 2. Left: Residual (RES) tree-ring width chronologies from Montauk, New York (panel a), Newport, Rhode Island (panel b), and Mashomack, New York (panel c).
Dashed vertical lines denote years of the most significant hurricane events around New York City (i.e., Category 2 or higher within the search radius). Right: Su-
perposed Epoch Analysis showing the response of the normalized tree-ring width chronologies to the hurricane events, with colored uncertainty envelopes sur-
rounding the black line representing the 5th and 95th percentiles of the growth response. The dashed and dotted lines refer to the 5th/95th and 1st/99th significance

thresholds, respectively, using a random bootstrapping approach.

an island situated between the North and South forks of eastern Long
Island (Fig. 1b) and more protected from the ocean. The Mashomack
trees are also a different tree species (Quercus stellata) than the other two
sites (Table 2).

Importantly, the coastal oak chronologies do not show a strong
climate signal from 1902 to 1999, except for Mashomack with a weakly
significant and positive current-year signal with May/June precipitation
(r = 0.26/0.26; p < 0.05) and SPEI-1 (r = 0.22/0.24, respectively; p <
0.05) (Fig. S2). Montauk shows a weakly positive correlation with pre-
vious year November/December precipitation (r = 0.23/0.22; p < 0.05)
and November SPEI-1 (0.24; p < 0.05). Newport has weakly negative
correlations with prior-year September precipitation (r = -0.27, p <
0.05) and SPEI-1 (r = -0.34, p < 0.05). This is in contrast to inland tree-
ring studies within the region that show stronger sensitivity to summer
precipitation or drought variability (Levesque et al., 2017; Pederson
et al., 2013). While the sheltered nature of Mashomack may provide an
environmental niche more similar to inland forests allowing for the
emergence of a weak summer climate signal, Montauk and Newport,
seem to be insensitive to summer climate variability. Overall, although
there were some significant correlations (p < 0.05) between climate
variability from individual months and RW variability, correlations
were weak (r < 0.3), some occurring in the previous year (t-1), and there
were no notable correlation commonalities shared by the sites. Our re-
sults fall in line with prior research in the region indicating that
regional-scale climate variability is not the strongest limiting factor of
radial growth of coastal trees. Rather, other environmental factors and
ocean effects (Pearl et al., 2020; Tucker and Pearl, 2021) may play a
more important role in their year-to-year radial growth. These trees are
growing in a highly disturbance-prone region, very close to the sea, and
subject to strong winds and salt spray. Paleotempestological tree-ring
studies from more climate sensitive regions had success isolating a
hurricane signature after removing the climate signal from the tree-ring
data (Collins-Key and Altman, 2021). This filtering was not necessary
here given the lack of strong climate signals across the sites.

Busby et al. (2009) reported minimal growth change from “moderate
intensity” hurricanes on Fagus grandifolia, Quercus alba, and Quercus
velutina in Naushon Island (Massachusetts), with the exception of 1944,
the most damaging storm included in their analysis. SEA analyses done
here using the RES tree-ring width chronologies from the same records
and only Category 2-5 hurricane events in our study (Table 1) shows the
same significant (t + 1) response to hurricanes as the oak data from our
other sites (Fig. S3). Therefore, the Naushon Island data confirm that all
of these regional coastal forests have experienced hurricane damage
from major storms and share the ability to recover quickly.

The brief reduction in RW following hurricane events appears to be
unique to regional coastal oak and beech trees. Other studies, based on
conifers, have reported longer tree recovery times of 3-6 years post
event (Fernandes et al., 2018; Tucker et al., 2018). The ecological and/
or physiological mechanism for this difference is unclear, however, as
conifers can retain their needles for several years, compared to decid-
uous oak leaves, it is possible that hurricane damage could impose a
larger metabolic cost in evergreen/perennial conifers. Though not the
same type of disturbance, prior work indicates that Fagaceae (mostly
Quercus spp) are able to recover from disturbance, in this case drought,
faster than Pinaceae (pines), with oaks recovering by year two and pines
up to four years (Anderegg et al., 2015). More work is needed to better
quantify the recovery rates between broadleaf and coniferous tree spe-
cies following disturbance, but similar results in recovery times to
differing disturbance agents indicate physiology could be underlying the
results we find in our data. The intensity and duration of species-specific
responses to hurricane events could have important implications for
carbon storage, forest resilience, and future restoration/management
efforts.

3.2. Hurricane signature: a multi-parameter approach combining ring-
width and Lumen area ratio

Our study demonstrates that RW records from several coastal oak
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Fig. 3. A comparison of residual (RES) Lumen Area Ratio (LAR) versus ring-width (RW) residual chronologies from Montauk, NY for the years 1927-2018. The blue
dots highlight the years following major hurricane events (t + 1), and the color gradients represent the category of each hurricane event (a; H2 = category 2, H3 =
category 3), and the timing of each event near Montauk (b). The gray dots are non-hurricane years. The dashed lines show two thresholds described in the results (z-

score RW < 0 and LAR >0; and z-score < —1 RW and > 1 LAR).

forests, and one coastal beech forest, strongly capture major historical
hurricane events, building on prior work from other regions and species
(e.g., Fernandes et al., 2018; Tucker et al., 2018, 2022; Therrell et al.,
2020) and adding to our understanding of forest response to hurricanes.
We also find that LAR in the Montauk oak increases in the year following
major hurricanes, indicating an increase in relative conductive to non-
conductive area in those years. In the year following hurricane events,
the Montauk oaks show severely reduced RW occurring contempora-
neously with some of the highest LAR values (Fig. 3). All hurricane
events (with the exception of Esther 1961) resulted in a RW value less
than the 50th percentile (z-score < 0) and a LAR value greater than the
50th percentile (z-score > 0) in the following year (Fig. 3a). At these
thresholds, the number of years associated with a hurricane event was
19% (8/43 years) for RW and 21% (9/43 years) for LAR.

The strongest hurricanes in our study region (Category 3) led to the

highest LAR values and many of the lowest RW values across the record,
with Category 2 hurricanes showing a milder response (Fig. 3a). The
particular timing of hurricane events did not have a clear association
with relative LAR and RW in the following year (Fig. 3b). In looking at
an extreme threshold (z-score < —1 for RW and z-score > 1 for LAR;
Fig. 3a,b), 41% (7/17) of these years in the RW chronology and 50% (6/
12) of these years in the LAR chronology were associated with hurricane
events. When both LAR and RW met their respective thresholds, 86% (6/
7) of these years were associated with hurricanes.

Together, our results suggest that analyzing LAR of coastal oaks,
particularly in combination with RW, may improve the ability to iden-
tify hurricane events prior to the period of observations. Though LAR is
partly related to ring width due to a connection between ring width and
ring area, the LAR also incorporates the relative conductive area of a
ring. While other exogenous disturbances could influence these
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parameters, such as winter Nor'easters (Kocin and Uccellini, 2004) or
insect defoliation (Butterfield, 1994), we find that these types of
disturbance events reported broadly across Long Island, NY, were not
clearly associated with extremes in the Montauk RW or LAR chronolo-
gies (Fig. S4). While it is a significant time investment to add wood
anatomical analyses, we demonstrate the potential to improve estimates
of past hurricane activity with this multi-parameter approach, and we
encourage further testing of wood anatomical analysis with other
coastal tree species (e.g. Ilex opaca, Nyssa sylvatica, Prunus serotina,
Juniperus virginiana, and Acer rubrum).

3.3. Proposed tree physiological mechanism to hurricane disturbance

Given that hurricane events and related tree damage typically occur
in the late summer/early fall in this region, after radial growth has
completely (or mostly) finished, it is not surprising that a hurricane
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signal is identified in the year following the hurricane event across all
parameters (t + 1). We also evaluated EW and LW to evaluate hurricane
signatures on seasonal wood, and better understand the physiological
responses of trees to these events.

There was a stronger and more significant decline in the year after
the hurricane (t + 1) in LW relative to EW (Fig. S5), perhaps because EW,
consisting of large conductive vessels (Fig. 1c¢ & 1d), is produced pri-
marily from carbon reserves from the previous year (Castagneri et al.,
2018; Teets et al., 2022). The EW in the year following a hurricane,
therefore, may be less affected by late growing-season hurricanes as
carbon assimilation already took place. It is also possible that negative
impacts on carbohydrate storage during the year after the event (t + 1),
could impact EW two years after a hurricane (t + 2), potentially
explaining why EW shows a continued decline in the second growing
season after hurricane events (year t + 2; Fig. S5).

Conversely, LW consists of smaller and fewer vessels (Fig. 1c), and is

Fig. 4. (a) Tide gauge data (mm) for Montauk, NY (1947-2023, station ID #519, PSMSL 2024, Holgate et al. 2013). Data are Revised Local Reference (RLR); Y-axis is
monthly mean sea level relative to the RLR datum, defined as 7000 mm below mean sea level. (b) 2016 Geospatial dataset of the depth to the water-table map in feet
(from Como et al., 2018). Spatial correlations of Montauk (c) Residual RW and (d) Standard RW chronology with Sea-Level Height Anomalies averaged from prior
December through current August from 1993 to 2018 (Copernicus Climate Change Service, Climate Data Store, 2018). SLH data is detrended in the c. panel, but not

in d.
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more dependent on the growing conditions of the immediate year of
growth (Belmecheri et al., 2014). Radiocarbon measurements in annual
rings recently confirmed that ring-porous oak used about 50% of carbon
assimilates formed in previous years, while latewood was formed mostly
from current-year assimilates (Kromer et al., 2024). Therefore, signifi-
cant damage in the late summer or fall would compromise the devel-
opment of LW in the year following a hurricane (t 4+ 1). The reduced
LAR, which represents the ratio between the lumen area and the total
ring area, in the year t + 1 could reflect a more significant decrease in
LW relative to EW following hurricane events.

Overall, the different seasonality of oak wood formation for EW and
LW, together with a differential use of carbon sources (i.e., LW mostly
dependent on current-year assimilates, and EW dependent on carbon
reserves from previous growing seasons), result in a distinct intensity of
the hurricane fingerprint in the oak seasonwood and LAR.

3.4. Sea-level rise and impacts on coastal forests

Fig. 4 shows tide-gauge data from Montauk, NY (a) and the depth to
water-table (b) at the Montauk Oak site which is <3.4 m (Como et al.,
2018). The Montauk oak trees, growing at 3 m a.s.l, are at the lowest
elevation of the three sites (Table 2), and thus they are the most
vulnerable to hydrological changes resulting from sea-level rise. These
trees show significantly negative correlations with Sea-Level Height
Anomalies (1993-2018) averaged from prior December through current
August from regions along the northeast Atlantic coastline, for both RES
(with both the chronology and sea-level data detrended) (Fig. 4c) and
STD chronologies (Fig. 4(d)).

Sea-level rise (SLR) along the U.S. East Coast is accelerating at a
faster rate than the global average (Kopp et al., 2019, Kunkel et al.,
2013, Sallenger et al., 2012, Sweet et al., 2017). Since 1900, sea levels
have risen by approximately 25 cm (Butler-Leopold et al., 2018; Horton
et al., 2014; Melillo et al., 2014), posing a direct threat to coastal forest
health by increasing the risk of flooding and saltwater intrusion from
storm surges (Swanston et al., 2018), as well as altering local hydrology.
Forests on Long Island, New York, have already experienced a thinning
of the vadose zone, or unsaturated soil layer, leading to higher soil
saturation and anoxic conditions harmful to trees (Raphael, 2014;
Sacatelli et al., 2023).

As our climate system continues to warm, hurricanes and rainfall are
predicted to intensify (Knutson et al., 2010; Sobel et al., 2016; Emanuel,
2021) and SLR is projected to continue increasing (Oppenheimer et al.,
2019), which will exacerbate coastal flooding, saltwater intrusion and
storm surge impact. These environmental disturbances will leave these
low-lying coastal forest regions increasingly vulnerable (Butler-Leopold
et al., 2018; Little et al., 2015; Woodruff et al., 2013). Our findings,
which demonstrate a significant negative impact of sea-level rise on oak
growth, provide additional evidence that climate-driven changes are
already underway in coastal forests of the northeastern United States.

4. Conclusions

Our study demonstrates that ring-width records from oak trees
(Quercus spp.) growing at several coastal sites in New York and Rhode
Island, and one beech site (Fagus grandifolia) from Massachusetts, cap-
ture major historical hurricane events over the 19th and 20th centuries.
This is manifested by severely reduced ring width and latewood width,
and for the Montauk site, relatively high lumen area ratio values in the
year following the storm. In combination, this multi-parameter
approach could help us better pin-point hurricane events prior to the
observational record, particularly the strongest storms-Category 3 and
larger in the tree-ring record. Our results also show that wood anatomy
from white oak (Quercus alba) from coastal forests, has strong potential
in terms of hurricane detection, providing a critical first step in devel-
oping a protocol for analyzing these forests. Future studies could benefit
from additional parameters (e.g., stable isotopes, additional anatomical
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traits), and/or other paleotempestological proxies (e.g., sediment cores),
to develop a better understanding of historical hurricane activity across
the northeastern United States.

Our findings also indicate that these forests demonstrate a remark-
able capacity for recovery following large-scale disturbances, such as
hurricanes. Unlike studies of conifers (Tucker et al., 2018; Fernandes
et al., 2018), we found that oak and beech trees from Montauk, Newport,
and Naushon Island sites had fully regained their radial growth by the
second growing season after a hurricane, with trees at Mashomack only
slightly lagging this rapid recovery. This suggests a high tolerance to
disturbance for oaks (4 sites) and beech (1 site). Future investigations
require more sites from a variety of tree species to elucidate differences
in hurricane response depending on forest types (e.g. conifers vs
angiosperms).

Despite the resilience of coastal forests to hurricane impacts, these
forests are increasingly at risk from storm damage and surges, and
continued sea-level rise. We would expect that compound events and
stressors, such as sea-level rise, storm surges, and physical damage from
hurricanes, could further alter site conditions beyond the thresholds
these ecosystems can tolerate. Our results show that forest growth is
already negatively correlated with sea-level height anomalies. Given the
critical role these forests play in the sustainability of densely populated
communities—by buffering wind, supporting dune infrastructure,
enhancing groundwater recharge, and sustaining wildlife—greater
attention is needed to study and protect remaining coastal forests.
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