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Hurricanes affect the structure and function of forests by removing leaf area, reducing biomass, and causing plant
mortality. Quantifying the effects of hurricanes on the phenological processes of forests can help to develop a bet-
ter understanding of the responses of these systems to natural disasters. On October 10, 2018 Hurricane Michael
made landfall in the northern Gulf of Mexico causing extensive damage to forests within its path. Using a phenol-
ogy model, we evaluated the short-term response and recovery of phenological processes of two subtropical for-
ests that were affected by the storm. Our results suggest that the hurricane accelerated senescence in autumn
following the storm, leading to a shorter growing season. The response was dependent on the structure of the
forest prior to the storm and the degree of damage; the forest with a taller canopy had greater damage, and
the recovery period was prolonged compared to the forest with a shorter canopy. In the summer of the first
year following the hurricane, ecosystem physiological function began to return to pre-hurricane levels which
corresponded to a recovery in growing season length. The functional diversity in the understory may have
aided recovery of post-hurricane spring phenology. While summer phenology was synchronized with the rate
of vegetation coverage and mainly driven by increase in canopy leaf area, these forests have not completely re-
covered during the study. As extreme weather events and disasters induced by global climate change may be-
come more frequent, our research can provide a reference for post-disaster forest management practices
which can be adapted to local conditions and contribute to restoration efforts.
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1. Introduction

Rising ocean temperatures caused by global warming may lead to in-
creased intensity of hurricanes (Chen, 2019). Hurricanes can cause
varying degrees of structural and functional damage to terrestrial
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ecosystems, especially in forests with tall canopies (Harrington et al.,
1997; Hogan et al., 2020). These wind disturbances directly affect forest
ecosystem function, which in turn impacts ecosystem services
(e.g., carbon sequestration, food and water supply or nesting sites,
Renton et al., 2018; Hogan et al., 2020).

Understanding forest phenological cycles after a hurricane can
contribute to more accurate assessments of the impact of natural disas-
ters on their functions, more reasonable post-disaster management
strategies, and a better understanding of forest responses to extreme
weather (Enquist et al,, 2014). Studies have indicated that forest carbon
cycles are directly affected by the phenology of the ecosystem, and a
longer growing season can promote greater carbon uptake and faster
recovery (Gonsamo et al., 2015; Gong et al., 2020). Therefore, quantify-
ing forest phenological changes and recovery from hurricanes can lead
to a better understanding of ecosystem physiological functions in
response to disturbances associated with global climate change (Gong
et al., 2020).

Research on forest phenology has mainly focused on growing season
length, leaf development (e.g., leaf-out/on, mature, and leaf-off/
dormancy) (Enquist et al., 2014), and the response of phenological
processes to weather and disturbances at different ecological scales
(Gonsamo et al., 2015; Gong et al.,, 2020). These studies mainly relied
on remote sensing (RS)-based and/or ground-based time series of
vegetation indices (Gonsamo et al., 2015; Zhang et al., 2003). Patterns
of plant community growth have been simulated through statistical or
physiological models, and ecosystem-scale phenological nodes, includ-
ing: the start of growing season (SOS), end of growing season (EOS),
and the length of growing season (LOS) (Zhang et al., 2003; Gu et al.,
2003). Currently, the quantification of forest phenological characteris-
tics using this approach has become an important research field and
has been applied to various ecosystems across different climatic
zones (Gonsamo et al., 2013, 2015; Gong et al., 2019). However,
these studies usually link phenological process of forests with con-
ventional meteorological data (air temperature, precipitation, radia-
tion, etc.) (Niu et al,, 2013; Gonsamo et al., 2015), and rarely involve
natural disasters or extreme weather events. Moreover, previous
work indicates that the specificity of ecological memory and ecosys-
tem components across the landscape may lead to different response
mechanisms, effect sizes, and variability in subsequent recovery pro-
cess with hurricanes (Hogan et al., 2020). In addition, since the avail-
ability of ground observations is often limited by extreme weather
events, the response of ecosystem phenological processes to distur-
bances has not been well-studied. Therefore, quantifying the dynamics
of the growing season using forest phenological data to characterize
extreme events may provide a better understanding of how the system
recovers after natural disasters (Angulo-Sandoval et al., 2004; Renton
et al,, 2018).

On October 10, 2018, Hurricane Michael made landfall in the north-
ern Gulf of Mexico. This area is heavily forested, including several im-
portant species of pines (Pinus spp.), which received a high degree of
damage. Despite this, there have been no prior studies detailing the
impact of the hurricane on forest phenological processes and/or post-
storm recovery in the region. This study provides insight into the phe-
nological characteristics of two longleaf pine (Pinus palustris) forests
with differing soil water holding capacity (xeric and mesic), which
had significant structural damage associated with the hurricane. Due
to site-specific soil properties, the xeric site, which is subject to chronic
water limitation (Starr et al., 2016), has a unique structure, i.e., shorter
forest canopy, sparse midstory and understory communities (Kirkman
et al., 2001). Such forest structure may be more resistant to physical
damage caused by hurricane-induced wind disturbance in comparison
to the mesic site, which has a taller canopy and higher basal area
(Wiesner et al., 2019).

For each site, we used three years (the year prior, year of, and year
after Hurricane Michael) of eddy covariance (EC) CO, fluxes to parame-
terize the phenological model developed by Gu et al. (2003), as well as
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remote sensing (RS) and LiDAR data of pre- and post-storm forest can-
opy height as indicators of hurricane-induced forest damage. We ad-
dressed the following two hypotheses: (1) The hurricane will
accelerate the autumn senescence by inducing early EOS and shorter
LOS for the year of the storm, with the xeric site recovering faster in
comparison to the mesic due to ecological memory associated with
water limitations, (2) Ecosystem-scale leaf area index (LAI) and en-
hanced vegetation index (EVI) will affect site-level phenological pro-
cesses, i.e., rapid LAl and EVI recovery after hurricane will be
associated with recovery during spring green-up.

2. Materials and methods
2.1. Study sites

Our two research sites represent the ends of an edaphic gradient and
are located at the Jones Center at Ichauway in southwestern Georgia,
USA. The center is a 11,000 ha? long-leaf pine reserve (31.22° N,
84.47° W; Fig. 1), which has a subtropical humid climate (Wiesner
et al.,, 2018, 2019). The long-term average annual precipitation of the
study area is 1310 mm. Temperatures range from 22 °C to 33 °C during
summer and from 3 °Cto 16 °C during winter (NCDC, 2011). We utilized
data from two EC flux towers equipped with CO,/H,0 infrared gas ana-
lyzers, a micro-meteorological observation system and data logger
(Wiesner et al., 2020). Due to the different soil water availability, the
two EC sites have differences in forest structure and composition
(Table 1; Kirkman et al., 2001; Starr et al., 2015). The mesic site lies on
somewhat poorly drained sandy loam over sandy clay loam and clay
textured soils (Goebel et al,, 1997). The xeric site lies on well-drained
deep sandy soils with no argillic horizon (Goebel et al., 1997). This
well-drained soil leads to this difference is water soil holding capacity.
The two sites are situated within 5 km of each other, with an elevation
above sea level of 65 m for the mesic site, and 60 m for the xeric site. In
the flux footprint area of the two EC flux towers, longleaf pine trees
(Pinus palustris Mill.) are the dominant tree species, averaging ~100-
years in age, and understory vegetation includes shrubs such as
Diospyros virginiana L. and Aristida stricta Michx (Kirkman et al., 2013;
Wiesner et al., 2020).

Longleaf pine ecosystems have evolved with frequent fire (every
1-3 years; Christensen, 1981); when fire is suppressed for as little as
4 years, the ecosystem loses biodiversity and its structure and function
are altered (Way, 2006). Both sites are on a 2-year burn cycle and are
burned in odd years during the winter when many understory plants
are dormant. The fires are set using backing fires on the downwind
side of the management unit, moving the fire away from a downwind
firebreak. Strip head fires are then set perpendicular to the wind,
starting on the downwind end of the unit and moving upwind. This
practice promotes low intensity fires, with limited flame lengths and
damage to the overstory (Starr et al., 2015).

2.2, Parametric phenology model of plant community photosynthesis

This study used a nine-parameter phenology model employing gross
primary production (GPP) (Gu et al., 2003, 2009; Eq. (1)) to analyze the
dynamic changes in phenology at each site from 2017 through 2019, and
to determine the potential impact of the hurricane on the phenology of
the two forests. This GPP-based phenology model was originally
developed utilizing inter-annual daily maximum GPP (umol CO,m 25~ 1)
obtained from 30-min EC measurements to quantify phenological phases
(Gu et al., 2003, 2009). However, although there is significant seasonal
variation in GPP derived from 30-min EC data (Whelan et al., 2013),
models of daily maximum GPP do not yield ecologically meaningful
estimates of phenology (Gong et al., in review). Therefore, the phenology
model was parametrized with daily cumulative GPP (Cm 2d ") to
represent the seasonal pattern of the canopy and understory activity
following Yang and Noormets (2020).
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Fig. 1. Geographical locations of two tower-based longleaf pine forest EC sites inside the JCI. USA: United States of America, county-level administrative boundary data was obtained from:
USGS National Boundary Dataset (NBD, https://www.usgs.gov/), the geographic coordinate system of these map is GCS_WGS_1984 and processed using ArcGIS version 10.2 (Environmen-

tal Systems Research Institute, Redlands, CA, USA).
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Table 1

Stand characteristics and mean environmental variables (21 S.D.) for the mesic and xeric
longleaf pine study sites at the Joseph W. Jones Ecological Research Center in Georgia, USA.
BA = basal area, DBH = diameter at breast height, LAl = leaf area index, and EVI = en-
hanced vegetation index.

Stand characteristic Mesic Xeric

Ba all tree spp. (m” ha™') 18.4 11.1
(£1.7) (£29)

Ba P. palustris (m? ha™') 17.4 8.2
(£2.1) (£3.8)

DBH (cm) 257 18.1
(+£15.2) (4+13.8)

Proportion of oak trees (%) 8.0 22.0

Wiregrass abundance (%) 28 24

Woody plant abundance (%) 12 10

Soil drainage Poorly Excessively
drained well-drained

Water holding capacity (cm per m soil in 40 18

upper 3 m)

LAlmopis, growing season (m2/ m?) 2.55 2.27
(+0.7) (+0.6)

LAIMOoDIS, non-growing season (mz/mz) 134 1.06
(40.46) (+0.43)

EVlImonis, growing season 0418 0412
(1:0.046) (0.049)

EVlmobis, non-growing season 0314 0.284
(£0.03) (£0.03)

dA(t)
k(t) ==
dt
a exp (— ‘:"L') exp (— H‘ﬂ)
MG by _ G by

2)

b [] + exp (— I—’Ef‘ll)]lm by [1 + exp (—[—}:“)Tﬂz

where: A(t) is daily cumulative GPP (gCm~2d ") atday t (t =1, ...,
365) and k(t) is the GPP growth rate/slope function (gCm—2d~'d 1),
estimated by site and year; ay, ax, by, by, c1, €2, tg1, Loz, and yg are empir-
ical fitting parameters estimated for each site and year. Measured daily
cumulative GPP data were used to parameterize A(t), which was then
used in the k(t) function to calculate the growth rate of GPP (Gu et al.,
2009; Eq. (2)). Then, phenological parameters describing the start of
growing season (SOS), end of growing season (EQS), start of peak
(SOP), day of peak (DOP) and end of peak (EOP; Fig. 2), etc. were de-
fined as the Julian day derived from the recovery and senescence lines
following Gu et al. (2009) (Fig. 2). This phenology model was coded
and visualized in MATLAB R2014b (MathWorks Inc., Natick, USA).

2.3. Response of spring recovery phenology to hurricane-induced
disturbance

Spring phenology in the first year following the hurricane is impor-
tant in characterizing post-storm ecosystem recovery (Li et al., 2007).
Here, spring is defined as those days between SOS and SOP (Figs. 2, 3).
The arithmetic midpoint between SOS and SOP is defined as the mid-
point of spring (MOS). In this subtropical study landscape, the response
duration of spring plant community development to environmental
variables and disturbance has been characterized on a monthly scale
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Fig. 2. Schematic diagram of estimated phenological events derived from daily cumulative GPP (gross primary production) over an entire year (Julian Day 1 through 365). (a) A(t) is the
fitted red curve where spring is defined as those days between start of the season (SOS) and start of peak (SOP), summer as the days between SOP and end of peak (EOP), and autumn as
EOP through end of growing season (EOS). DOP is the day of peak. (Winter is the period between EOS and the following year's SOS.) (b) k(t) is the fitted red curve, black triangle represents

the extreme values of the daily change of modeled daily GPP, defined by Gu et al. (2009).

(Whelan et al., 2013). We therefore defined the two weeks before MOS
as the middle of spring buffer zone. To characterize post-hurricane-
specific spring phenology, the time period during spring before this
buffer zone was defined as early spring, and the time period during
spring following the buffer zone was defined as late spring (Fig. 3).

2.4. Net ecosystem exchange CO using Eddy covariance

EC data were used to parameterize the phenological model (net eco-
system exchange of CO,, NEE). The open-path EC system collected data
at 10 Hz (Starr et al., 2015, 2016) using a LI-COR CO,/H,0 infrared gas
analyzers (Li-7500, LI-COR, Lincoln, NE, USA) accompanied by three-
dimensional high precision sonic anemometers (CSAT-3, Campbell Sci-
entific Instruments, Logan, UT, USA). Each EC measurement system was
installed approximately 4 m above mean canopy height (Starr et al.,
2015, 2016). The tower heights were 34.4 and 34.9 m above ground,
for the mesic and xeric sites, respectively, resulting in upwind flux
source areas that extend a radius of approximately 600 m from each
tower (Starr et al,, 2015).

Meteorological data, including photosynthetically active radiation
(PAR; LI-190, LI-COR Inc., Lincoln, NE, USA), global radiation (LI-200SZ,
LI-COR Inc., Lincoln, NE, USA), net radiation (NRO1, Hukseflux Thermal
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*mmcr
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Sensors, Delft, The Netherlands), precipitation (TE525 Tipping Bucket
Rain Gauge, Texas Electronics, Dallas, TX, USA), and air temperature
and relative humidity (HMP45C, Campbell Scientific Instruments,
Logan, UT, USA) were collected above the canopy and stored on a CR-
5000 dataloggers (Campbell Scientific Instruments, Logan, UT, USA).

2.5. Gross primary production estimations from EC-measured NEE

This study used CO, flux data collected from two sites from January
1, 2017 through December 31, 2019, which included one calendar year
prior to the hurricane, the year which included Hurricane Michael
(October 10, 2018), and one year of following the hurricane. Flux data
was processed with the EdiRe software (v.1.4.3.1184; Starr et al,,
2015, 2016) to calculate CO5 flux at 30-minute intervals, using a coordi-
nate rotation, frequency response correction, WPL density correction
and spectral attenuation. QA/QC of the CO, flux data was also main-
tained by filtering out data that did not pass plausibility tests
(ie., NEE < —30 and NEE > 30 pumol CO, m 2 s~ !), stationarity criteria,
and integral turbulent statistics (Starr et al., 2015).

Missing and disqualified half-hourly CO- flux data were gap-filled
using separate functions for NEE during daytime and nighttime. When

photosynthetically active radiation (PAR) was >10 pmol m~—2 s,

Middle of spring
10 : :
® o Summer
Winter 8. i
g
g &
6 :
| z
0 : sns: —
0 50 100 °

Day of the year 2019

Fig. 3. Post-hurricane spring phenological phase derived from daily GPP (gross primary production) by site in 2019: (a) yellow circles in mesic site, and (b) pink circles in xeric site. The red
curve represents the modeled GPP using A(t), black vertical solid line represents MOS (midpoint of spring, DOY), and the dashed black lines on both sides represent the two-week buffer
(middle of spring).



Y. Gong, CL. Staudhammer, G. Kenney et al.

daytime NEE data were gap-filled using a Michaelis-Menten approach,
and when PAR was <10 umol m~2 s~ nighttime NEE data were gap-
filled using a modification of the Lloyd and Taylor (1994) approach,
both on a monthly basis (Whelan et al., 2013; Wiesner et al., 2018).
Where too few observations were available to produce stable and bio-
logically reasonable parameter estimates, annual equations were used
to gap-fill daytime and nighttime NEE data by site. Half hourly fluxes
of NEE in pmol CO, m™2 s~ ! were used to calculate gross primary pro-
duction (GPP) and ecosystem respiration (Re, Starr et al., 2015, 2016)
as follows:

Re = GPP + NEE (3)

Due to equipment and power outages sustained from the hurri-
cane, EC observations were not available during and immediately
after the hurricane. Therefore, we used a linear regression approach
to estimate these data with RS-derived GPP (g Cm~—2d~!) during
10/18/2018 through 1/7/2019, and 10/4/2018 through 10/28/
2018 at the mesic and xeric sites, respectively (detailed data de-
scription for RS is found in Section 2.6). EC-derived GPP from 2017
to 2018 was first summarized to the 8-day periods corresponding
to the MODIS measurement dates. Using the R function Im with
RStudio (R Core Team, 2013), EC-derived GPP was best predicted
as a function of the current period MODIS GPP, as well as the previous
and following 8-day periods. The resulting models explained 78%
and 74% of the variation, respectively, in the mesic and xeric EC-
derived GPP.

2.6. Remote sensing vegetation indices

LAI and EVI are important biological indicators used to assess the
vegetative growth and in some cases vegetation status following hurri-
canes (Li et al., 2007; Gong et al., 2019). To quantify the site-level forest
damage caused by hurricane and post-hurricane vegetation recovery,
we obtained 2017-2019 500-m spatial resolution and 8-day interval
LAl and EVI data from the NASA Moderate Resolution Imaging
Spectroradiometer (MODIS, https://ladsweb.modaps.eosdis.nasa.gov/)
Vegetation Index Products (MOD15AH2) for the two study sites
(Appendix A, Fig. A1).

To gap-fill missing EC measurements due to hurricane damage that
left the tower non-operational, we obtained 500-m spatial resolution
and 8-day interval GPP data from 2017 to January 2019 from MODIS
Vegetation Index products (MOD17AH2). MODIS-derived LAl and GPP
data were processed with the MODIS Reprojection Tool (MRT) using
ArcGlIS (Version 10.2; ESRI) for projection correction, image cropping,
and raster calculation. Since the EC flux source area can be extended
up to 600 m from the towers (Wiesner et al., 2018, 2019), MODIS-
derived GPP, LAI and EVI were average values within 600 m radius cir-
cles centered at each EC sites.

2.7. Forest canopy height measurements using Light Detection and Ranging
(LiDAR)

One-meter resolution airborne LiDAR data were acquired from the
National Ecological Observatory Network (NEON, 2020). LiDAR scans
have been performed annually in September since 2016, with the
most recent flight occurring in early September 2019. We obtained
LiDAR data from 2018 and 2019 through NEON's Airborne Observation
Platform (AOP), which consists of an imaging spectrometer, a waveform
LiDAR instrument, and a high definition digital camera. The instruments
are installed in a Dehavilland DHC-6 Twin Otter aircraft which flies at
1000-2000 m above ground level at 100 knots. The waveform instru-
ment produces a laser with normal pulse repetition frequency at
~100 kHz, which reflects off a surface and returns to the instrument,
and a signal detection algorithm calculates the X, Y, and Z position
alongside the signal intensity. Extensive information about the data
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processing, algorithms, and uncertainty, which can occur due to sensor
error or variability in terrain reflectivity and vegetation type, can be
found in the NEON technical documentation (Krausse and Goulden,
2015).

The LiDAR point cloud data was used by NEON to create a
Canopy Height Model (CHM, https://www.neonscience.org/create-
chm-rasters-r). Point cloud data for each site in 2019 (post-hurricane)
was compared to that of 2018 (pre-hurricane) to measure the changes
in canopy height pre- versus post-storm. ArcGIS Pro (Version 2.4.1;
ESRI) was used to measure changes in canopy height within the 500-
meter radius of each EC flux tower using geoprocessing tools available
in the program.

2.8. Statistical analysis

The fit of the phenology model was verified by examining the
adjusted coefficient of determination (R?). We judged the model
to have good fit when R? > 0.8 following Yang and Noormets
(2020).

‘Models were formulated to test hypotheses using the 8-day
MODIS LAI and EVI, and EC-derived GPP data. Because there is the
potential for high amounts of autocorrelation among observations
taken in adjacent time periods, we formulated generalized least
square (GLS) models, specifically accounting for this correlation
with an autoregressive (AR(1)) structure. For these analyses we
used the function gls in package nlme (Pinheiro et al., 2014) in R
and RStudio (R Core Team, 2013). To test the hypothesis that hurri-
cane significantly impacted LAI and EVI, we estimated models as a
function of site and month, with an interactive effect for hurricane
pre- versus post-storm. To test the hypothesis that LAl and EVIimpacted
ecosystem phenological processes, we modeled GPP as a function of LAI
and site, as well as their interactive effects with hurricane (pre- versus
post-storm). Least square mean predicted values by site and pre-
versus post-hurricane were generated with the R package emmeans
(Lenth, 2016).

3. Results
3.1. Effects of Hurricane Michael on forest canopy height and LAl

RS-derived LAI in the mesic site was 15%-30% lower in the month
immediately post-storm, with the maximum differences occurring in
mid-December, whereas the xeric site experienced less of a drop
(Fig. 4a). By February, monthly LAI recovered to pre-hurricane levels;
however, LAI at the two sites from March to June was lower than the
pre-hurricane level (by 6%-40%) due to prescribed fires that were
conducted in March of 2019; monthly LAI of the mesic site recovered
to its pre-hurricane level in July, and the xeric site recovered to its
pre-hurricane level in September (Fig. 4a). For EVI, there was almost
no discernible change in the mesic site pre- versus post-hurricane
October-December, while there was a noticeable drop in the xeric site
(Fig. 4b). In January-March, however, the EVI at both sites were higher
post-storm versus pre-storm. While the xeric site appeared to recover
from March onward post-storm, the mesic site EVI dropped well
below normal through July, and only recovered after this period
(Fig. 4b). The GLS model indicated that LAI significantly differed by
site and pre- versus post-hurricane. However, these effects did not
significantly interact, i.e., site responses to hurricane were not signifi-
cantly different (P = 0.89; Appendix A, Table Al). Pre- versus post-
hurricane, LAl differences depended on month and there was a
significant difference in March and June values of LAl (Fig. 4a). GLS
models of EVI, on the other hand, did not indicate significant differences
pre-versus post-storm (p = 0.16), or among sites (p = 0.12). Analyses
of LiDAR data revealed that there was a reduction in average canopy
height of 1.30 and 0.28 m at the mesic and xeric sites, respectively
(Fig. 5).
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Fig. 4. Least square mean predicted values of RS-derived (a) leaf area index (LAI) and (b) enhanced vegetation index (EVI) by site, pre- (1/1/2017-10/8/2018) versus post-hurricane (10/
16/2018-12/30/2019). Colors indicate the site (xeric versus mesic), solid lines are pre-storm whereas dotted lines are post-storm.

3.2. Hurricane-induced variation in GPP-derived phenological processes at
site-level

The phenology model was used to evaluate phenological changes in
physiological function and photosynthetic capacity of plant communi-
ties before and after the hurricane by site (Appendix A, Figs. A2,
A3). All corresponding R? were greater than 0.8, indicating good model
fit. To account for the two-year cycle of needle replacement
and inter-annual climate differences, we compared the acquired
phenological parameters of each year with the previous year at each site.
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Fig. 5. LiDAR-derived forest canopy height for the two study sites (41 S.D.); pre-storm
measured September 2018 and post-storm measured September 2019, (Year 2017 data
were not available due to an AOP flight line error.)

For the mesic site, the 2017 autumn-related phenological parame-
ters EOS and LOS were at DOY 365 and 364, respectively, and autumn
length was 127 days. Prior to Hurricane Michael in 2018, spring and
summer lengths were 134 and 129 days respectively. The immediate
impact of the hurricane on the phenological processes was reflected in
2018 autumn phenology and led to an early EOS (41 days early) with
a LOS of 316 days (48 days short). Moreover, 2018 autumn length was
shortened by 74 days (to 53 days) compared with 2017. After the end
of winter in 2018, the ecosystem entered the recovery period in late Jan-
uary 2019. Compared with 2018, the length of spring in 2019 was ex-
tended to 161 days with a MOS at DOY 101 (Fig. 3), summer length
was shortened to 70 days, and autumn length was 81 days. In 2019,
223 days after the hurricane impact, the summer photosynthetic capac-
ity of plants at the mesic site recovered to its pre-hurricane peak level
(SOP; Appendix A, Fig. A3).

In 2017, the xeric site autumn-related phenological parameters EOS
and LOS were at DOY 365 and 357, respectively, and autumn length was
131 days. The lengths of spring and summer in 2018 (prior to Hurricane
Michael) were normal: 50 and 144 days, respectively. The autumn GPP
declined rapidly after hurricane impact in 2018, which was associated
with the growing season end on DOY 332 (33 days early) with a LOS
of 262 days (95 days short). Moreover, 2018 autumn length was short-
ened by 63 days (to 68 days) compared with 2017 (Appendix A, Fig. A3).
In contrast to the mesic site, the 2019 spring recovery period of the xeric
site was not extended by hurricane (47 days), with a MOS at DOY 98
(Fig. 3). Thus, after MOS, subsequent ecosystem phenological processes
were not affected by the hurricane (Fig. 3), where summer and autumn
had normal lengths (119 and 90 day, respectively) (Appendix A,
Fig. A3). The xeric site recovered more quickly to its pre-hurricane
peak photosynthetic capacity (reaching SOP 156 days after the hurri-
cane impact; Appendix A, Fig. A3).

Overall, the impact of the hurricane on the xeric site's autumn phe-
nology in 2018 was less than that of the mesic site (Appendix A,
Figs. A2-A3); although the EOS of both sites appeared earlier in 2018
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than 2017, EOS of mesic site was more advanced (41 days early for
mesic, 33 days early for xeric). In addition, the spring recovery period
of the xeric site in 2019 did not extend as it did in the mesic site. This
result suggests that the hurricane has had more impact on the GPP-
derived phenological processes at the mesic versus the xeric site
(Appendix A, Figs. A2-A3).

3.3. Relationship between LAl and spring productivity net recovery after
hurricane

Results from the GLS model indicated that LAl was a strong and signif-
icant driver of GPP, and its effects on GPP were significantly different pre-
versus post-hurricane. However, with LAI in the model (which was sig-
nificantly different by site; P < 0.0001), there were no significant differ-
ences in GPP by site. GLS models of GPP with EVI as a predictor indicated
no significant (p > 0.05) effects of EVI on GPP, nor with its interaction
with hurricane or site. To better understand the relationship between
plant community phenology and LAI pattern after hurricane in 2019,
we compared the growth rate of the fitted LAI curve (Appendix A,
Fig. A4) and the growth rate of the fitted GPP curves in spring, summer,
and autumn by site (Fig. 4). We found that the 2019 LAI curve of the
mesic site was similar to that of the GPP curve, with a longer spring
recovery period; however, the xeric site's LAl curve indicated a relatively
shorter spring recovery period (Appendix A, Fig. A4). The mesic site's lon-
ger spring length after hurricane was due in part to its shallower-sloped
LAI curve during the spring green-up period (0.012 m?> m~2d~"), which
was lower than that of the xeric site (0.017 m*> m—2d~1).

For the mesic site, in 2019 summer and autumn, the increase in LAI
was consistent with increases in GPP (positive correlation). However,
there was a clear “turning point” in the spring phenology; we found
that the date of LAI's spring maximum occurred at DOY 108 (mid-
spring), earlier than the date of GPP's spring maximum (DOY 160, late
spring) (Fig. 3). This resulted in a significant positive correlation be-
tween GPP and LAl between the SOS until DOY 108, then this correlation
became negative during DOY 109-160. This may be attributed to the
March prescribed fire that removed understory vegetation, as pre-
scribed fire has been found to have an effect on the ecosystem for
~30-60 days following fire (Starr et al., 2015).

Patterns at the xeric site were similar to that of the mesic site, as the
recovery rates of GPP and LAl in 2019 summer and autumn were posi-
tively correlated. The “turning point” also appeared in the spring, with
the date of maximum recovery rate of LAI (DOY 81, in early spring) ear-
lier than the date of maximum recovery rate of GPP (DOY 102, in middle
of spring) (Fig. 3).

By comparison, we found that LAI and GPP at the xeric site were
faster to reach the maximum recovery rate in 2019 spring, and the lag
between the DOY of the GPP maximum recovery rate and LAl maximum
recovery rate was 21 days shorter than that of the mesic site (52 days).
In addition, the maximum recovery rate of GPP and LAI in the xeric site
in spring (0.16 gCm~2d~'d "' and 0.019 m? m~2d !, respectively)
was also higher than that of the mesic site (0.05gCm2d~'d~!and
0015 m? m~2d !, respectively).

4. Discussion

Our results showed that the two sites were affected and responded
differently to the hurricane, with a greater reduction in leaf area and for-
est canopy height at the mesic site than the xeric site (Figs. 4, 5). The dif-
ferences in damage can be linked to the mesic site having greater
density and taller trees in the canopy, which has been shown to have
an influence on storm damage (Johnsen et al., 2009; Bigelow et al.,
2020; Hogan et al., 2020). This increased damage led to shifts in ecosys-
tem phenological process (Li et al., 2007; Angulo-Sandoval et al., 2004),
which was represented by the advance of EOS during the storm year,
and then a shortened LOS. The spring recovery period in the first year
following the hurricane was extended in proportion to the degree of
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forest structure damage by site. Moreover, the rate of plant growth
and recovery after hurricane lagged that of GPP in both sites. We attrib-
uted this to increased light reaching the forest floor; this may have in-
creased surface temperatures, causing higher ecosystem respiration
which would have influenced the calculation of GPP (Kenney et al., un-
published data).

4.1. Impact of hurricane damage on site-level phenological processes

The hurricane occurred in the fall of 2018 which coincided with
seasonal leaf senescence; however, the evergreen-dominant canopy
showed moderate rates of mortality and there was an overall loss of
LAI and a slight decline in EVI (Ostertag et al., 2005). Moreover, con-
tinuously heavy rainfall associated with the storm may have led to
lower light availability, which reduced photosynthetic activity at
the sites (Tanner et al.,, 1991; Zhang et al., 2018). As a result, autumn
senescence was accelerated, which ended the growing season early
and shortened the overall growing season. The seasonal productivity
of subtropical vegetation is expected to be symmetric under condi-
tions without disturbance (Zhang et al., 2020; Zhou, 2019), i.e., the
spring phenology of the “slow-in” form corresponds to the autumn
phenology of the “slow-out” form (Zhou, 2019); however, the dis-
turbance caused the “rapid-out” autumn phenology form at the
site-level which contributed to the reduction in growing season
length which was also seen in the MODIS EVI measurements
(Fig. 4b).

Eight months after the hurricane, ecosystem physiological functions
returned to pre-hurricane rates which were also confirmed by EVI, in
agreement with the findings of Herbert et al. (1999). However, the
mesic site, which experienced greater damage, had a longer spring re-
covery period. This delayed the SOP (Fig. 3), but since the end date of
the summer was not affected, autumn phenology was unaffected.
Therefore, we observed that the impact of Hurricane Michael on
ecosystem-scale phenology during the following year was mainly
reflected in the length of spring and summer (i.e., the timing of SOP,
Fig. 2). We predict that during the second year after hurricane (2020),
the ecosystem-scale phenological processes of these longleaf pine for-
ests will completely recover from the impact of the storm (Appendix
A, Figs. A5-AG).

4.2. Relationship between vegetation development and spring phenology
after hurricane

Forest physiological function (photosynthesis etc.) is related to leaf
development, which may result in stronger carbon uptake (Li et al.,
2018). We observed that spring phenology and ecosystem function
were separated into two phases after the hurricane. During the early
and mid-spring, the recovery and leaf out rate reached their peak levels
(Fig. 3), and productivity also increased with this acceleration of plant
growth. After the mid-spring, leaf development began to slow, but eco-
system productivity still increased. This could be attributed to the fact
that during needle expansion and understory green up there is an in-
crease in ecosystem respiration in forests (Lindroth et al., 2008). As
leaf development declines so do respiration rates, leading to greater car-
bon sequestration by the ecosystem.

LAl is an important variable that affects the exchange of CO, be-
tween biosphere and atmosphere (Bonan, 1993; Gonsamo et al.,
2012). The mesic site has more understory vegetation (Kirkman et al.,
2013; Wiesner et al., 2018), and in the early spring of 2019 (DOY 8
through 87; Fig. 3), the growth and recovery of this understory was
likely the source of increasing leaf area, as was found by Badeck et al.
(2004). Since the forest canopy had not recovered from the damage
caused by hurricane, the understory had greater radiation inputs to
aid in maximizing light use efficiency (Ma et al,, 2020), which is related
to canopy gap fraction and shade patterns (Rosati et al., 2020; Yun et al.,
2013; Angulo-Sandoval et al., 2004).
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However, during the middle of spring 2019 (DOY 88 through 115;
Fig. 3), the air temperature reached optimal levels for growth, leading
to post-hurricane recovery. During this period, we observed that LAI
and ecosystem greenness reached their peak (Fig. 6). This again shifted
what light reached the understory vegetation, which may have limited
photosynthetically active radiation (PAR) that could drive understory
photosynthesis (Drever and Lertzman, 2003; McGuire et al., 2001;
Kenney et al,, in review).

At the xeric site, the plant community is dominated by evergreen
longleaf pine (Wiesner et al., 2018), such that the ecosystem-scale LAI
before early spring is mainly associated with the canopy (Badeck et al.,
2004). But the low air temperature in winter and early spring (DOY 1
through 75) reduces photosynthetic capacity (Starr et al., 2015). During
the early and middle part of spring (DOY 75 through 112), increasing air
temperature and LAI contributed to rising photosynthesis, which was
similar to pre-storm rates (Whelan et al., 2013). This led to rapid in-
crease in GPP, similar to that of spring phenology patterns in temperate
forests which are controlled by air temperature (Niu et al., 2013; Gong
and Zhang, 2020). In addition, ecological memory at the xeric site may
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Science of the Total Environment 774 (2021) 145651

have aided in accelerating recovery of the start of the growing season
in 2019 due to the system's chronic water limitation that has led to
the development of a shorter canopy with lower basal area (Starr
etal,, 2016; Hogan et al., 2020; Chambers et al., 2007).

In summary, our results support the idea that the phenological re-
sponse of longleaf pine ecosystems is delayed after hurricane due to
leaf loss and tree mortality (Figs. 4, 5), such that the development of
plant community productivity and leaf greenness are not synchronized
during the spring phenophase, in agreement with Kong et al. (2020).
Past research has found that the early spring recovery rate of subtropical
understory vegetation without light limitation is significantly faster
than that of the canopy (Ma et al., 2020). The length of this lag is related
to the cumulative demand for light, heat, and water resources of the
plant community's site-level photosynthesis during the plant green-
up phase (Kong et al., 2020). Utilization efficiency of these resources
for plant growth will also affect the lag process, sensitivity of productiv-
ity to environmental variables, and both the timing of the start of the
growing season and its overall length (Landsberg and Waring, 1997;
Badeck et al., 2004; Whelan et al., 2013).

4.3. Scaling the response of land surface phenology to disturbance

Due to the heterogeneity of the longleaf ecosystem, responses to ex-
treme weather events vary from stand to stand, and from the stand- to
the landscape-scale (Hogan et al., 2020). Our observations at the
ecosystem-scale show that plant community differences (forest charac-
teristics and understory components) significantly affect the
ecosystem's response to hurricanes from the perspective of resistance
and resilience to disturbances (Hogan et al,, 2020). Moreover, remotely
sensed observations of LAl are consistent with our observed GEE-based
post-hurricane ecosystem phenological process. This may indicate that
remote sensing has considerable potential in predicting landscape and
regional-scale land surface phenology in response to extreme weather
events when ground observations are lacking. More generally, terres-
trial ecosystems with higher levels of resistance will exhibit reduced im-
mediate damage to physical structures caused by extreme weather
events, while those with higher resilience to disturbances will acceler-
ate the restoration of their ecosystem physiological functions after dam-
age to their physical structures. In the process of ecosystem recovery
after disturbance, biodiversity and resilience together affect recovery
time (Hogan et al., 2020). Higher levels of biodiversity are conducive
to early recovery of the ecosystem.

4.4. Limitations and outlook

This study discussed the differences in the phenological response of
forests with different structures to a hurricane. We speculate that site-
level phenological differences are due to the different sources of ecosys-
tem LAI during spring green-up phase, which resulted in the plant
growth rate and productivity development rate not being synchronized
after mid-spring. Although total leaf area has been determined, due to
data limitations, we cannot partition LAl into canopy versus understory,
and therefore this assertion cannot be affirmed. To build upon this foun-
dational research we propose that future studies use phenological cam-
eras in both the understory and above the canopy to determine specific
timing of green-up for the components of the ecosystem and how this
affects the growth dynamics of both the understory and canopy. We
also see this study as foundational, in that it encompasses only three
years of data. Therefore, our understanding of recovery is short-term
and longer periods of observation must continue.

5. Conclusion
This study explored the ecosystem-scale phenological processes of

two subtropical longleaf pine forest sites with different soil water-
holding capacities over three years (2017-2019), encompassing the
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years before, during, and after hurricane using EC, RS, and LiDAR tech-
nology. Our results showed that hurricane caused the study sites to
lose up to 30% of their LAI and up to 1.3 m in forest canopy height.
The impact of the hurricane on the phenological process of longleaf
pine forests in the storm year was mainly manifested in the advance
of EOS, resulting in a shortening of the length of the growing season.
After the hurricane, the length of the following spring recovery period
was significantly longer. In this process, forest structure drove the re-
covery of ecosystem physiological function, and we found that there
was a lag period between plant growth rate and ecosystem productivity
recovery rate. This study sets the foundation for further research on the
phenology of forested ecosystems impacted by hurricanes, which are
forecasted to increase with changing climate.
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