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Abstract

Long-term carbon storage by forests is important for climate mitigation, yet storage durability
faces threats from natural disturbances whose causal impacts are not well quantified. We use the
staggered timing of two Category 4 hurricanes that struck different regions of Louisiana—Laura
in 2020 and Ida in 2021—to estimate the causal effect of severe hurricane damage on forest car-
bon stocks. Using parish-level data from the USDA forest inventory and analysis program covering
all 64 Louisiana parishes over 2017-2024 and a doubly robust difference-in-differences estimator,
we find that hurricane damage reduced live biomass carbon by 7%-8%: aboveground live carbon
declined 7.3% and belowground live carbon 7.7%, results robust to both cluster-robust and wild
cluster bootstrap inference. Total forest carbon—nearly half of which is held in a slow-changing

soil pool—declined by 3.5% (95% CI: —6.9% to —

0.2%); this aggregate effect is significant under

cluster-robust inference but not under the wild cluster bootstrap appropriate for our small number
of treated clusters. Effects persisted across the four-year post-treatment period with no evidence

of recovery. Live carbon losses were concentrated on private forests (—7.9%, P = 0.022), with no
detectable change on public forests (+0.9%, P = 0.892), though this private—public difference is
not statistically significant (interaction P = 0.493). We measure changes in carbon stocks rather

than net flux to the atmosphere. Because private lands make up 86% of Louisiana’s forestland and
underpin most carbon offset programs, the magnitude and persistence of these losses suggest that
nature-based climate solutions in hurricane-prone regions face greater hurricane-related risks than

current carbon-offset frameworks recognize.

1. Introduction

Established forests sequester roughly 2.4Pg Cyr~!
globally and store an estimated 861PgC across
biomass, soils, dead wood, and litter (Pan et al 2011).
In the United States, forests and associated wood
products offset more than 11% of economy-wide
greenhouse gas emissions each year (Domke et al
2021), making forest carbon an important compo-
nent of nature-based climate solutions (Griscom et al
2017, Fargione et al 2018). These strategies rest on
an assumption of durability—that sequestered car-
bon will remain stored over decadal-to-centennial
timescales. This assumption faces two broad threats.
Forest loss from land-use change remains a major

© 2026 The Author(s). Published by IOP Publishing Ltd

source of positive carbon emissions from forests glob-
ally (Friedlingstein et al 2022). In addition, natural
disturbances that may be amplified by climate change
can convert forests from carbon sinks to carbon
sources (Seidl et al 2017, Anderegg et al 2020), and
tropical cyclones pose a particular threat to southeast-
ern U.S. forests that has not been well quantified using
causal inference.

Hurricane-driven carbon loss can be large.
Chambers et al (2007) estimated that Hurricane
Katrina killed or damaged approximately 320 mil-
lion large trees, converting roughly 105Tg C from live
to dead biomass—an amount equal to 50% —140%
of the net annual U.S. forest tree carbon sink. This
single-event figure is comparable to typical annual
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wildfire carbon emissions across the contiguous
United States, yet hurricanes have received less atten-
tion in forest carbon policy. Zeng et al (2009) esti-
mated that tropical cyclones have affected an average
of 97 million trees annually across the United States,
causing about 25Tg Cyr ™' in releases, with impacts
concentrated along the Gulf Coast. McNulty (2002)
showed that a single intense hurricane can convert
10% of total annual U.S. forest carbon sequestration
into dead and downed biomass, with recovery requir-
ing at least 15 years. Climate change may compound
this threat: the proportion of major (Saffir-Simpson
Category 3-5) tropical cyclones has likely increased
over the past four decades (Kossin et al 2020, IPCC
2021), rapid intensification events have become more
frequent in the Atlantic basin (Bhatia et al 2019),
and these trends are consistent with anthropogenic
forcing (Knutson et al 2019, 2020).

Despite these stakes, causal estimates of hurricane
effects on forest carbon are absent. Existing studies
rely on remote sensing, empirical damage-wind speed
models, or pre—post comparisons that do not iso-
late hurricane effects at the resolution of individual
storms and localities (McNulty 2002, Chambers et al
2007, Zeng et al 2009, Fisk et al 2013). A separate gap
concerns heterogeneity by land ownership. Private
landowners control roughly 86% of southeastern U.S.
forestland (Oswalt et al 2019, Butler et al 2021) and
their forests make up the largest component of the
regional forest carbon sink (Domke et al 2021), yet
no study has examined whether hurricane carbon
impacts differ between private and public forests—a
question with direct relevance to carbon offset pro-
grams that operate predominantly on private lands.
Private and public forests differ in ways that could
affect their vulnerability to wind: private holdings
in the South are predominantly younger, even-aged
pine plantations of uniform structure, whereas pub-
lic forests tend to be older and structurally more
complex (Fox et al 2007, Wear and Greis 2013), and
the two differ in their post-storm salvage practices
(Prestemon and Holmes 2004).

We address these gaps using a natural experiment
created by the staggered landfalls of two Category
4 hurricanes in Louisiana, asking whether severe
hurricane damage causally reduced parish-level for-
est carbon stocks, how any effect was distributed
across carbon pools, and whether impacts dif-
fered between private and public forests. Hurricane
Laura struck southwestern Louisiana on 27 August
2020, with 150-mph winds, damaging forests across
20 parishes (Blazier and Guidry 2020, Pasch et al
2021). Hurricane Ida made landfall in southeastern
Louisiana on 29 August 2021, also with 150-mph
winds, damaging forests across 11 parishes in a geo-
graphically distinct region (Guo and Chang 2021,
Beven et al 2022). We classify the most severely
damaged parishes—seven from Laura and four from
Ida—as treated; the remaining 53 parishes serve as
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a never-treated control group. The distinct foot-
prints and staggered timing provide treatment vari-
ation for a difference-in-differences design (figure 1).
Our primary specification uses the Callaway and
Sant’Anna (2021) doubly robust estimator, which
addresses known biases in two-way fixed effects
(TWEFEs) regressions when treatment timing is stag-
gered and effects are heterogeneous (Cengiz et al
2019, Goodman-Bacon 2021, Borusyak et al 2024,
Gardner et al 2025). We show robustness across four
additional estimators and use multiple inference pro-
cedures suited to few-cluster settings (Cameron et al
2008, MacKinnon and Webb 2018). Throughout, we
measure changes in carbon stocks rather than net flux
to the atmosphere, since killed biomass is released
only as it decomposes or is removed and some is
transferred to long-lived wood products.

2. Data and methods

2.1. Data

Parish-level forest carbon stock data were obtained
from the USDA Forest Service forest inventory and
analysis (FIA) program for all 64 Louisiana parishes
over 2017-2024, retrieved through FIA’s online esti-
mation tool EVALIDator (Woodall et al 2015, USDA
Forest Service 2024) and yielding a balanced panel
of N =512 parish-year observations. FIA maintains
a systematic grid of permanent sample plots across
all U.S. forestland, with approximately one plot per
6,000 acres, measured under an annual panel design
in which about one-fifth of a state’s plots are remea-
sured each year and a full cycle is completed in
roughly five years. EVALIDator returns FIA’s pub-
lished, pre-computed carbon estimates rather than
raw measurements: FIA derives per-tree carbon from
field-measured tree dimensions using species-specific
allometric biomass equations (Jenkins et al 2003)
within its standardized national carbon-accounting
framework (Woodall et al 2015), and models forest
floor (litter) and soil organic carbon from stand, site,
and geographic attributes rather than field-sampling
them at the standard plots (Woodall et al 2015,
Dombke et al 2021).

Treatment assignment was based on aerial dam-
age assessments and parish-level timber-loss esti-
mates from the Louisiana Department of Agriculture
and Forestry and the LSU AgCenter (Blazier and
Guidry 2020, Guo and Chang 2021). Although
these assessments reported some timber damage
across roughly twenty parishes for Laura, the dam-
age was concentrated; we classified as treated the
parishes the assessments ranked in the most severely
damaged tier—those with the greatest estimated
standing-timber loss and the largest impacted forest
acreage (estimated losses above roughly $25 million
in both assessments, separated by a clear mar-
gin from the remaining parishes). This identified
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Figure 1. Storm tracks of Hurricane Laura (a) and Hurricane Ida (b) across Louisiana. Color indicates storm intensity at each
position along the track: tropical depression (TD, gray), tropical storm (TS, blue), and Saffir—Simpson Categories 1-5 (green
through purple). Triangles mark landfall locations. Line width is proportional to maximum sustained wind speed. Parish bound-
aries shown in gray. Green shading indicates forest area as a percentage of parish area, in five classes from 0%-20% to 81%—
100%. Bold outlines mark the parishes classified as treated: the seven Laura-affected parishes in (a) and the four Ida-affected

parishes in (b). Storm track data from NOAA/NHC HURDAT?2; forest area from FIA.

seven Laura-affected parishes treated beginning in
2020 (Allen, Beauregard, Calcasieu, Grant, Rapides,
Vernon, and Winn) and four Ida-affected parishes
treated beginning in 2021 (Livingston, St. Charles, St.
Helena, and Tangipahoa). The remaining 53 parishes,
with lighter or more diffuse damage, serve as a
never-treated control group. Laura and Ida were
the only Category 4 landfalls in Louisiana during
the study period; weaker tropical cyclones caused
only minor forest damage and were not separately
treated, and the one later landfall, Hurricane Francine
(Category 2, 2024), struck an untreated parish, so
any effect on controls would bias estimates toward
zero (a storm-by-storm account is in the supple-
mentary methods). Treated and control parishes dif-
fered at baseline: treated parishes had higher precipi-
tation, lower drought severity, roughly twice the for-
est area, and higher total carbon, though GDP per
capita was similar (supplementary table S1). Three
time-varying covariates were included: annual pre-
cipitation (PRISM Climate Group 2024); a drought
severity index from the U.S. Drought Monitor, com-
puted as the parish-level, area-weighted annual aver-
age of that program’s weekly drought-category classi-
fications (Svoboda et al 2002); and GDP per capita
(BEA 2024). Because the design identifies effects
from within-parish changes over time, identification
rests on parallel pre-treatment trends rather than
identical baseline levels; these trends are parallel for
every outcome (table 1; supplementary table S7), and

precipitation and drought enter the model as time-
varying controls.

For the ownership analysis, private forestland
includes family forests, corporate timberland, and
other private entities; public forestland includes fed-
eral (primarily Kisatchie National Forest), state, and
local government ownerships. The largest public-
forest holdings in our data fall in the inland Kisatchie
parishes of Vernon, Rapides, Grant, and Winn,
whereas private forest extends across the coastal and
southwestern parishes nearest the two landfalls (sup-
plementary table S12). Of 64 parishes, 63 have mea-
surable private forest and 49 have measurable public
forest in all years.

2.2. Empirical strategy

Our primary specification uses the Callaway and
Sant'Anna (2021) doubly robust difference-in-
differences estimator. Define group g as the set of
parishes first treated in period g (g € 2020,2021) and
let t index calendar years. The estimator identifies
group-time average treatment effects on the treated
(ATT)—the average effect of hurricane exposure on
carbon stocks for parishes first treated in period g,
relative to their no-storm counterfactual:

ATT(g,1) =E[Yi(g) - Y, (0) |[G=g¢g (1)

where Y,(g) is the potential outcome under treatment
timing g and Y,(0) is the potential outcome under

3
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Table 1. Hurricane effects on total forest carbon: five estimators compared.

Estimator Effect (%) P value 95% CI Pre-trend P
Two-way fixed effects —3.5 0.135 [—8.4,1.2] 0.814
Callaway-Sant’Anna —3.5 0.039 [—6.9,—0.2] 0.928
BJS imputation —3.3 0.128 [-7.7,1.0] 0.950
Gardner et al two-stage —34 0.106 [-7.7,0.7] —
Stacked DiD —37 0.140 [—8.8,1.3] —

Note: Outcome is In(total carbon). All models adjust for parish and year effects, with controls for

precipitation, drought severity, and GDP per capita. Standard errors clustered at the parish level. Effect

(%) computed as 100 x [exp ([3) — 1] . N = 512 parish-years. Primary specification in bold.

no treatment. The doubly robust estimand com-
bines inverse probability weighting with outcome
regression, providing consistent estimates if either the
propensity score or the outcome model is correctly
specified (Sant’Anna and Zhao 2020). Group-time
effects are aggregated to an overall ATT using group-
size weights; this overall effect averages the group-
time ATTs across all available post-treatment years
(years 0—4 for the Laura cohort and 0-3 for the Ida
cohort) rather than comparing any single pair of cal-
endar years. Standard errors are clustered at the parish
level, with simultaneous confidence intervals com-
puted via multiplier bootstrap.

As a benchmark, the traditional TWFE specifica-
tion is:

In(Cy) = a; +’Yt+5Dit+X,‘/t§+5it (2)

where Cj; is the carbon stock in parish 7 at time ¢, «;
and ~; are parish and year fixed effects, D;; is a treat-
ment indicator equal to one for hurricane-affected
parishes in and after the year of exposure, Xj; is a
vector of time-varying covariates, and ¢;; is the error
term. The coefficient 8 is converted to a percentage

effect as %A = 100 x [exp (B) — 1} . For the coeffi-

cient magnitudes observed here (all ’ B ‘ < 0.09), this

closely approximates [3 x 100.

Recent work has shown that TWEFE can pro-
duce biased estimates when treatment timing is
staggered and effects are heterogeneous (Goodman-
Bacon 2021, Borusyak et al 2024). We therefore
supplement the Callaway—Sant’Anna estimator with
three additional heterogeneity-robust approaches:
the Borusyak—Jaravel-Spiess imputation estimator
(Borusyak et al 2024), the Gardner et al two-stage esti-
mator (Gardner et al 2025), and stacked difference-
in-differences (Cengiz et al 2019).

With only 11 treated parishes, standard cluster-
robust inference may overstate precision. We supple-
ment with wild cluster bootstrap (9,999 replications;
Rademacher, Mammen, and Webb weights) and ran-
domization inference (10,000 permutations preserv-
ing the treatment-time structure) (Cameron et al
2008, MacKinnon and Webb 2018). Ownership het-
erogeneity is tested using a pooled model with a Dj, x
Public; interaction. The minimum detectable effect

4

at 80% power is approximately 5.0% (computed as
2.8 x SE, where SE = 0.017); the observed 3.5% effect
implies roughly 54% power. All analyses were repli-
cated in R (version 4.3). Further details on inference
procedures, event study specifications, and robust-
ness analyses are in the supplementary material.

3. Results

3.1. Total carbon effects

Hurricane damage reduced total forest carbon in
affected parishes by an estimated 3.5% (Callaway—
Sant’Anna; P = 0.039; 95% CI: —6.9% to —0.2%), a
group-size-weighted average over all post-treatment
years. The point estimate is stable across all five
estimators (—3.3% to —3.7%; table 1, figure 2(a)),
but its significance depends on estimator and infer-
ence: it is significant under the primary Callaway—
Sant’Anna specification with cluster-robust standard
errors, but not under the other estimators (P = 0.11—
0.14) or the wild cluster bootstrap (P ~ 0.15-0.17).
A Bacon decomposition attributes 97.9% of the
two-way fixed-effects weight to clean treated-versus-
never-treated comparisons (Goodman-Bacon 2021;
Supplementary table S4).

The parallel trends assumption is supported by
multiple tests. Pre-treatment coefficients are jointly
indistinguishable from zero for both the TWFE spec-
ification (P =0.814) and the Callaway—Sant’Anna
estimator (P =0.928). Three placebo tests rein-
force this conclusion: shifting treatment timing two
years earlier produces a nonsignificant estimate (P =
0.266), and estimated effects on GDP per capita (P =
0.442) and precipitation (P =0.655) are also non-
significant (supplementary table S5).

The event study (figure 2(b)) shows the trajec-
tory from three years before to four years after hurri-
cane exposure. Pre-treatment coefficients cluster near
zero. After the hurricanes, losses appear immedi-
ately and generally increase: —2.1% in year 0, —4.2%
in year 1, —4.1% in year 2, —4.5% in year 3, and
—5.7% in year 4 (P = 0.049). The year-four estimate
draws only on the Laura cohort, as Ida’s window
extends to year three (figure 2(c)). No recovery is
apparent within the observation window, consistent
with evidence that forests require at least 15 years to
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Figure 2. Hurricane effects on total forest carbon. (a) Point estimates and 95% confidence intervals from five difference-in-
differences estimators. All estimates fall between —3.3% and —3.7%. The diamond marks the primary Callaway—Sant’Anna esti-
mate; circles denote alternative estimators. (b) TWFE event study from 7 = —3 to 7 = +4, with 7 = —1 as the reference period.
Pre-treatment coefficients are near zero (joint P = 0.814); post-treatment coefficients reach —5.7% by year four. Shaded area:
95% Cls. (c) Callaway—Sant’Anna event studies for the Laura cohort (left; 7 parishes, treated 2020) and the Ida cohort (right;

4 parishes, treated 2021). Shaded areas: 95% Cls. N = 512 parish-years.

recover sequestration capacity after a major hurricane
(McNulty 2002) and that hurricane-downed trees
take approximately 19 years to convert from a carbon
store to a net carbon emission (Tumber-Davila et al
2024). Both hurricane cohorts show negative post-
treatment effects (figure 2(c)), though the Ida cohort
estimates are less precise given the smaller number of
treated parishes (4 vs. 7). Dropping any single treated
parish leaves the overall estimate between —2.8% and
—4.0%, a maximum deviation of about 0.7 percent-
age points from the full-sample value (supplementary
table S6).

Wild cluster bootstrap P values ranged from
0.153 to 0.165 across three weight distribu-
tions, with confidence intervals that include zero.
Randomization inference, permuting the cohort
labels across parishes, gives a similar P ~ 0.13 (sup-
plementary table S2).

3.2. Effects by carbon pool
The 3.5% decline in total carbon obscures a larger
impact on pools directly exposed to wind. Total

5

carbon includes soil organic carbon—a large, slow-
cycling reservoir that makes up nearly half of all stored
carbon. Breaking down by pool shows a gradient of
responses (table 2; figure S1).

Aboveground live biomass fell by 7.3% (P=
0.017) and belowground live biomass by 7.7% (P =
0.019). The slightly larger root effect is expected when
whole trees are uprooted (Everham and Brokaw 1996,
Peterson 2007). Combined live carbon dropped by
7.4% (P =0.017), and all three estimates remain sig-
nificant under wild cluster bootstrap. The slower-
cycling pools showed no significant change (dead
wood —3.8%, P = 0.360; litter —1.1%, P = 0.509; soil
carbon —1.9%, P = 0.234). The dead-wood estimate
is negative but imprecise, its confidence interval span-
ning zero (—11% to +4%; Supplementary table S7),
so its sign is undetermined; litter and soil carbon are
modeled from overstory and stand structure rather
than measured directly and turn over on timescales of
years to decades, longer than the four years observed
here. Total live carbon fell by 7.4%, but live carbon
per acre fell by only 5.2% (P = 0.043), indicating that
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Table 2. Hurricane effects by carbon pool.

Wwild

Outcome Effect (%) Pvalue bootstrap P

Level outcomes

Total carbon —3.5 0.039 0.155
Aboveground live biomass —7.3 0.017 0.039
Belowground live biomass -7.7 0.019 0.042
Combined live carbon —7.4 0.017 0.041
(AG + BG)

Aboveground total —5.7 0.035 0.080
(live + dead)

Dead wood —3.8 0.360 0.557
Litter —1.1 0.509 0.546
Soil organic carbon -1.9 0.234 0.433
Density outcome

Live carbon per acre —5.2 0.043 0.034

Note: Callaway—Sant’Anna estimates. Effect (%) computed as

100 X |exp B) —1|. Wild cluster bootstrap uses Rademacher
weights with null imposed (999 replications). AG = aboveground;
BG = belowground. N = 512. Full results in supplementary

table S7.

roughly one-third of the total live carbon loss came
from a reduction in forested area rather than lower
carbon density within surviving forest.

3.3. Effects by land ownership

Louisiana’s forests are predominantly private: in the
pre-treatment period, private land accounted for
86.2% of forest area in treated parishes and 86.1%
in controls (P = 0.969). Yet the two ownership types
responded differently to the hurricanes (figure 3;
Supplementary table S3).

On private land, hurricanes caused large and sta-
tistically significant carbon losses. Live carbon fell
by 7.9% (P = 0.022), a result that holds under wild
cluster bootstrap (P = 0.046). Private forest area fell
by a marginally significant 2.6% (P = 0.069), sug-
gesting conversion of some damaged forestland to
other uses. On public land, there was no statistically
significant change, though estimates were imprecise
given the small number of treated parishes with pub-
lic forest (9): the point estimate for live carbon was
+0.9% (P =0.892), and all other public forest out-
comes were close to zero. A formal interaction test
places the private—public gap at 8.8 percentage points,
but with alarge standard error (0.127) it is not statisti-
cally significant (P = 0.493). The public forest is con-
centrated in the inland Kisatchie parishes—Vernon,
Rapides, Grant, and Winn (supplementary table S12);
two treated parishes have no measurable public for-
est and are excluded. Across every carbon outcome,
estimator, and inference method, private forests show
negative effects and public forests none (supplemen-
tary tables S3 and S11).

3.3.1. Robustness
Estimates are consistent across four covariate speci-
fications, ranging from —3.0% with no controls to

6
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—3.5% with all controls (supplementary table S9). All
five estimators produce qualitatively consistent results
for every carbon pool and ownership category (sup-
plementary tables S10 and S11): total carbon ranges
from —3.3% to —3.7% and combined live carbon
from —7.4% to —8.8%.

4, Discussion and conclusions

4.1. Mechanisms

The concentration of effects in live biomass pools
reflects the primary mode of wind damage to forests:
standing trees are the immediate targets, through
stem breakage, crown loss, and uprooting (Everham
and Brokaw 1996, Peterson 2007). The slightly larger
belowground effect likely reflects widespread uproot-
ing, which removes entire root systems from the live
carbon inventory. The live carbon lost from standing
trees does not all reappear as standing dead wood:
it is divided among reduced forested area (roughly
one-third of the live-carbon loss), salvage removals
that transfer biomass into wood products before it
is recorded as dead wood (Prestemon and Holmes
2004), in-place decomposition (Harmon et al 1986,
Russell et al 2015), and the inventory’s measure-
ment lag—channels that parish-level stocks cannot
separate, so a change in stocks need not translate
directly into atmospheric release. The deepening of
losses from —2.1% in the first year to —5.7% by the
fourth reflects the inventory’s measurement lag and
the more heavily affected Laura cohort being the only
one observed at year four; delayed mortality among
storm-weakened trees may also contribute.

Losses fall more heavily on private than public
forest. Private holdings in the region are younger,
more uniformly structured pine plantations whose
canopies present less aerodynamic roughness and
meet greater wind force (Mitchell 2013, Gardiner et al
2016), and they are more often salvaged after a storm,
which removes damaged trees from carbon inven-
tories (Prestemon and Holmes 2004, Stanturf et al
2007); public managers more often leave damaged
trees in place for ecological purposes (Franklin et al
2002, Lindenmayer and Noss 2006). These mecha-
nisms are not mutually exclusive and may reinforce
each other. The private—public difference is not sta-
tistically significant (interaction P = 0.493) and rests
on the nine treated parishes that contain public forest.

4.2. Comparison with prior research

McNulty (2002) estimated that a single intense hurri-
cane can convert approximately 10% of annual U.S.
forest carbon sequestration into dead and downed
biomass. Our 7 —-8% reduction measures a differ-
ent quantity—the share of standing live biomass
eliminated in affected parishes, rather than a frac-
tion of annual national sequestration—but both esti-
mates indicate that individual hurricanes can cause
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Figure 3. Hurricane effects by land ownership. TWFE event studies for private forests (left; N = 504, 11 treated parishes) and
public forests (right; N = 392, 9 treated parishes). Outcome: combined live carbon (AG + BG). Private forests show flat pre-
trends (P = 0.754) followed by persistent negative effects (Callaway—Sant’Anna ATT: —7.9%, P = 0.022). Public forests show
flat pre-trends (P = 0.696) and near-zero post-treatment effects (+0.9%, P = 0.892). Shaded areas: 95% ClIs.

large, rapid changes to forest carbon budgets. Recent
inventory- and remote-sensing studies document
comparable losses across the southeastern United
States and the Caribbean but rely on pre—post or
wind-field comparisons rather than a contempo-
raneous control and do not distinguish ownership
(Brandeis et al 2022, Uriarte et al 2019, Hall et al
2020, Alam et al 2024; see supplementary discussion);
the difference-in-differences design used here sup-
plies both. Our total carbon effect of 3.5% is smaller
than some prior assessments because total carbon
includes soil organic carbon (49% of the total), which
changed little; because our difference-in-differences
approach identifies the average effect across all treated
parishes, including areas with varying damage inten-
sity; and because prior studies often focused on the
most heavily damaged stands (Chambers et al 2007,
Zeng et al 2009). The losses persist across the four-
year window with no sign of reversal, in keeping
with recovery times estimated at 15 years (McNulty
2002) toroughly 19 (Tumber-Dévila et al 2024); faster
decomposition in Louisiana’s warmer climate sug-
gests a shorter timeline here. The continued deepen-
ing through year four rests on the Laura cohort alone.

4.3. Implications for forest carbon policy

Carbon offset protocols include buffer pools to
address reversal risk. The California Air Resources
Board protocol allocates only 3% for catastrophic
wind, ice, and flood events combined (Badgley et al
2022 a)—an allocation calibrated to a geographi-
cally diversified statewide portfolio rather than to
the concentrated, repeated exposure our estimates
describe in the parishes hit hardest by two consec-
utive Category 4 storms. Wind damage to forests
produces highly skewed damage distributions; at the
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larger South Central regional scale, annual damages
exceeding 5% are rare (Johnston et al 2024), so spatial
diversification of offset portfolios could partly reduce
reversal risk, whereas a portfolio weighted toward
hurricane-prone Gulf Coast forests, where damage
is spatially correlated, could draw heavily on such a
buffer. Because the losses fall disproportionately on
the private forest that underpins most offset pro-
grams (Sedjo and Sohngen 2012) and show no recov-
ery within our window, credits from private lands in
hurricane-prone regions may carry greater reversal
risk than current frameworks recognize (Badgley et al
2022a, 2022b).

The absence of recovery within four vyears,
together with evidence that full recovery requires at
least 15 years (McNulty 2002), raises questions about
carbon resilience under repeated hurricane exposure.
If hurricanes continue to intensify (Bhatia et al 2019,
Knutson et al 2019, 2020, Kossin et al 2020, IPCC
2021) and the interval between major storms short-
ens, forests in the Gulf Coast region may experience
sustained declines in carbon storage capacity. Our
study examines carbon stock changes, not net carbon
flux to the atmosphere; the net atmospheric impact
depends on decomposition rates, post-hurricane
management including salvage logging, and recovery
trajectories that unfold over longer time horizons.

4.4. Limitations

With only 11 treated parishes, statistical power is
limited—approximately 54% for the observed total-
carbon effect—and the wild cluster bootstrap P values
for total carbon (0.15-0.17) lie above conventional
thresholds. Many carbon pools and estimators were
examined; the combined live-biomass loss is signifi-
cant under both inference methods and stable across
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estimators, while individual borderline results such as
live carbon per acre (P = 0.043) are less certain. The
test of differential ownership effects does not reach
significance (P = 0.493). Under FIA’s annual panel
design, only about one-fifth of a treated parish’s plots
are remeasured within a year of a storm, so its damage
enters the inventory over roughly five years. The first-
year effect is therefore a lower bound, and some of the
later deepening reflects this gradual remeasurement
rather than continued decline. Our four-year post-
treatment window may not capture complete car-
bon dynamics: cumulative impacts may exceed our
estimates, while recovery over the multidecadal hori-
zon suggested by prior research (McNulty 2002) can-
not yet be assessed. Parish-level aggregation masks
within-parish heterogeneity, and our binary treat-
ment definition does not capture continuous varia-
tion in damage intensity. Results pertain to Louisiana
and to Category 4 storms; generalization to other
regions and intensities requires further study. The
central live-biomass result changes little when 2024 is
dropped or when treated parishes are removed one
at a time (supplementary table S6, supplementary
methods).

Future work using plot-level FIA data could test
the hypothesized mechanisms underlying owner-
ship heterogeneity—including the roles of stand
age, species composition, salvage logging inten-
sity, and post-hurricane land-use conversion—while
longer time series would characterize full recovery
trajectories.
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