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Abstract
On 10 October 2018, Hurricane Michael made landfall along the Florida panhandle as a category 5 storm, with maximum 
sustained winds of 259 km  h−1 and storm surge of 4.3 m. To assess impacts on seagrass meadows and nekton communities, we 
sampled seagrass beds in three estuaries along a gradient of storm intensity: one proximate to the hurricane track (St. George 
Sound, FL), one that experienced storm surge without hurricane-force winds (Cedar Key, FL), and one outside the storm 
path (Chandeleur Islands, LA). The nekton community and seagrass characteristics were assessed prior to and shortly after 
the storm and again 1 year later. In St. George Sound, we observed post-storm changes in seagrass species composition and 
declines in seagrass cover, shoot count, and canopy height as well as a shift in associated fauna. Seagrass cover declined from 
83 ± 9 to 50 ± 8% following the storm. Shoot height and shoot count were also reduced by over 50%. Nekton species most 
commonly found prior to the storm were Lagodon rhomboides (pinfish), Orthopristis chrysoptera (pigfish), and Bairdiella 
chrysoura (silver perch). Two weeks following the storm, the most commonly collected species shifted to pinfish, penaeid 
shrimp, Chilomycterus schoepfi (striped burrfish), and Eucinostomus argenteus (spotfin mojarra). Widespread declines in 
species-specific nekton abundances were also observed, with continued reductions in some species the following year. Over-
all, both the seagrass and nekton communities showed signs of recovery. Cedar Key and Chandeleur Islands both exhibited 
minimal changes in vegetation and nekton. Despite storm intensity and substantial physical damage to upland habitats, the 
estuarine seagrass communities were resilient to the effects of a powerful category 5 hurricane.
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Introduction

Tropical cyclones, or hurricanes, are intense low-pressure 
systems that in the North Atlantic develop at latitudes of 
5–15° (Poiner et al. 1989). These storms are associated 
with strong winds, storm surge, increased precipitation, and 
coastal sediment changes, all of which could singularly or 
in combination affect coastal estuaries. Additionally, intense 
storms can change water temperature, salinity, and increase 
pollution levels via runoff (Marchand et al. 2002), as well 
as cause damage to coastal vegetation, together influencing 
fish and invertebrate nekton communities (Rozas and Reed 
1994; Tabb and Jones 1962).

Storm disturbance to seagrass meadows typically occurs 
through both direct and indirect physical effects (Birch and 
Birch 1984; Poiner et al. 1989; Thomas et al. 1961). Wind, 
waves, and storm surge can shift sediments and erode or 
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bury seagrasses (Fourqurean and Rutten 2004). Indirect 
effects from stormwater discharge and runoff, such as 
altered salinity regimes and increased light attenuation 
from resuspended sediments and allochthonous inputs 
(e.g., terrestrial detritus and tannins), can persist for weeks 
to months following a storm (Walker et al. 2021). Storm 
effects can include seagrass loss, degradation (i.e., reduced 
shoot density, canopy height, or aboveground biomass), 
and/or fragmentation, leaving substantive changes to the 
composition and configuration of seagrass-dominated 
seascapes. Evidence of storm-related effects range from 
mild (e.g., Thompson and Phillips 1987; Wanless et al. 
1988; Wilson et al. 2020) to severe (e.g., Correia 2021;  
Correia and Smee 2022; Eleuterius and Miller 1976; van 
Tussenbroek 1994) and are location- and storm-dependent 
(Ball et al. 1967; Congdon et al. 2019; Wilson et al. 2020). 
For example, storms resulted in fragmented seagrass beds 
that increased fish diversity in Thailand (Horinouchi et al.  
2009) but not in Australia (Connolly 1994).

Linkages between hurricane disturbance of seagrass eco-
systems and changes to associated fish communities have 
also been reported (Hall et al. 2016; Sargent et al. 1995) with 
evidence of seagrass habitat loss leading to decreased fish 
abundance, biomass, and species richness in Southern New 
England (Hughes et al. 2002), Sweden (Pihl et al. 2006) and 
Japan (Nakamura 2010). Understanding how storms influ-
ence the seagrass community is imperative given the likely 
influence of climate change on the frequency and intensity 
of tropical weather systems (Arellano-Méndez et al. 2011; 
Emanuel 2005; Goldenberg et al. 2001; Webster et al. 2005) 
and the recognized economic and societal benefits of sea-
grass ecosystems (Beck et al. 2001; Dahlgren et al. 2006; 
Rosenberg et al. 2000).

Hurricane Michael was the strongest hurricane to date to 
make landfall along the Florida panhandle (Masters 2018). 
To explore storm-induced effects on seagrass and associated 
nekton communities, we paired pre- and post-storm sampling 
of water quality, seagrass density, and seagrass-associated 
fauna (sensu Belgrad et al. 2021) at locations along a gradient 
of storm intensity following a massive category 5 storm, Hur-
ricane Michael, which made landfall in Florida, USA, on 10 
October 2018. In St. George Sound, FL, the storm had maxi-
mum sustained winds of 259 km  h−1 and a 4.3-m storm surge 
(Beven et al. 2019; Masters 2018; Morgan 2019; NWS 2018). 
In nearby Cedar Key, FL (167 km southeast), the storm surge 
was 2.75 m above mean sea level (MSL), but there were no 
hurricane-force winds reported (Beven et al. 2019). In Chan-
deleur Islands, LA, 330 km west of Hurricane Michael’s 
landfall, no storm effects were noted. These three estuaries 
were sampled prior Hurricane Michael’s landfall, 2 weeks 
following the passage of the storm, and 1 year later to assess 
potential changes to seagrass and nekton communities. By 
sampling locations exposed to different storm components 

and relative intensities, we will gain a better understanding of 
the complex relationships between tropical weather systems, 
seagrass ecosystem disturbance, and nekton usage.

Methods

Study Regions

During the summers of 2018 and 2019, seagrass and associ-
ated nekton were sampled in seagrass beds at three regions 
across the Gulf of Mexico: St. George Sound, FL (29°51ʹ 
N, 84°37ʹ W), Cedar Key, FL (29°05ʹ N, 83°01ʹ W), and 
Chandeleur Islands, LA (29°54ʹ N, 88°50ʹ W). During site 
selection, each estuary containing seagrass was superim-
posed with hexagonal tessellation (500 m edge length) in 
ArcGIS (Moore 2009; Neckles et al. 2012; Wilson and Dun-
ton 2012). Fifteen sites per estuary, each containing > 50% 
Thalassia testudinum (turtle grass) coverage and a minimum 
of 500 m separation, were randomly selected for assessment 
(Belgrad et al. 2021; Fig. 1). Across all regions, Thalassia 
testudinum was the dominant macrophyte taxa, with Syrin-
godium filiforme (manatee grass) and Halodule wrightii 
(shoal grass) comprising the understory and small patches at 
study sites in all three estuaries. Other seagrass species were 
rarely encountered; thus, we focused on metrics from these 
three common species in analyses. Prior to the passage of 
Hurricane Michael, sampling took place at specific locations 
using a GPS from May to June (Early 2018) and August to 
September 2018 (Late 2018). Two weeks after the storm, the 
same sites were resampled (posthurricane), as well as the 
following year in May to June (Early 2019) and August to 
September (Late 2019) to determine potential storm effects 
on seagrass cover and associated nekton communities.

Nekton Sampling

At each of the 15 site locations within each estuary (45 total), 
a 4.85-m flat otter trawl with a 3.8-m stretch mesh body and 
6.4-mm stretch mesh bag was dragged through seagrass beds 
at an average speed of 2–3 knots for approximately 2 min, 
resulting in linear distances of approximately 130 m per 
trawl. Nekton (fish, portunid crabs, penaeid shrimp) caught 
in the net were counted, identified, and released. Because 
trawl distances varied, the density of organisms collected 
was standardized to trawl area (ind.  ha−1), calculated using 
trawl width and GPS-estimated trawl tow length.

Seagrass Sampling

At each trawl location (15 sites  estuary−1), the structural 
complexity of seagrasses was visually assessed using 1-m2 
quadrats (divided into 100 10 cm × 10 cm grid cells). Three 
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replicate 1-m2 quadrats were haphazardly deployed at the 
beginning, middle, and end of each trawl path (9 quadrats 
total per trawl path) to estimate percent cover, shoot count, 
and canopy height of T. testudinum, H. wrightii, and S. 
filiforme. Seagrass percent cover by species was measured 
by counting the number of grid cells within each quadrat 
that contained a particular vegetation type (0–100 cells 
 quadrat−1). Total shoot count of all three dominant species 
was calculated by summing the shoot counts for T. testudi-
num, S. filiforme, and H. wrightii species within a random 
quadrat grid. Average overall canopy height was calculated 
by taking the average length of the species which produced 
the longest seagrass blades across each site. All quadrat 
measurements within each site were averaged to obtain 
estimates of seagrass cover, shoot count, and canopy height 
across each site.

Based on the overall percent cover in each site, an index 
of percent cover was calculated using a modified Braun– 
Blanquet (BB) cover-abundance score (Table 1) for com-
parisons of seagrass and nekton community composition 
in Primer™ 7. The frequency of each seagrass species in 
a particular site was also computed across the various sam-
pling times, where Fi is the frequency of species i, Ni is the 
number of quadrats at a site in which species i was present, 
and n is the total number of quadrats sampled at a site (Ken-
worthy et al. 1993). This value was then multiplied by 100 
to obtain a percentage calculation of seagrass species occur-
rence throughout the study:

(Fi =
Ni

n
) ∗ 100

Fig. 1  Location of the 3 study estuaries (stars) throughout the north-
ern Gulf of Mexico in relation to Hurricane Michael just prior to 
landfall. Chandeleur Islands, LA, was located to the west of the storm 
path and experienced no wind or surge effects. St. George Sound,  
FL, was in the direct path of the storm and experienced maximum 

sustained winds of 259  km   h−1 and a storm surge of 4.3  m. Cedar 
Key, FL, was located to the east of the storm center, with a storm 
surge of 2.75  m above mean sea level (MSL) with no wind effects 
(Beven et al. 2019)
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Water Quality Measurements

After each trawl, water depth (cm), water temperature 
(°C), salinity, and dissolved oxygen (DO; mg  L−1) were 
measured at the midpoint of the trawl track using a YSI Pro 
2030 containing a galvanic DO sensor (Model 2002). Pho-
tosynthetically active radiation (PAR) was also measured 
using an LI-1500 light sensor logger equipped with two 
LI-193 spherical underwater quantum sensors separated by 
a standardized distance. Sensors recorded PAR over three 
consecutive 30-s intervals at 1 Hz, and the attenuation coef-
ficient was calculated as a proxy for light availability. In the 
equation, the PARbottom and PARtop measurements refer to 
the PAR measurements of the top and bottom light sensors, 
and the sensor distance (m) is the vertical distance between 
the bottom sensor and top sensor when it is placed in the 
water column:

Statistical Analysis

All statistical analyses were performed using  SAS© and 
Primer™ 7. We performed a mixed model analysis of vari-
ance in  SAS© at an α of 0.05 (Horton and Lipsitz 2012; 
Sokal and Rohlf 2013), using site as a random factor and 
time sampled (early 2018, late 2018, posthurricane, early 
2019, late 2019) as a fixed factor. We found significant 
differences across site, time sampled, and/or the interac-
tion between site and time sampled across environmental 
(temperature, salinity, depth), seagrass (seagrass percent 
cover, total shoot count, and canopy height), and com-
munity (animal abundance (n), species richness (s), and 
diversity (H’)) variables (Tables 4, and S1). Specifically, 

Light Attenuation Coefficient (kd) = −

ln

(

PARbottom

PARtop

)

sensor distance (m)

there was a significant interaction between site and sam-
ple time for species diversity (H’), seagrass percent cover, 
total shoot count, canopy height, temperature, salinity, and 
depth (Tables 4, and S1). Prior to analysis, all variables 
were tested for normality, and animal abundance was log 
transformed to manage skewness and satisfy the normality 
assumption. Because of the significant interaction across 
site and time sampled, sites were then separated, and gen-
eral linear regression models were run on the environmen-
tal, seagrass, and community variables with time sampled 
as the fixed factor (Tables 2 and 4). Tukey–Kramer post 
hoc comparisons were performed to compare means across 
sampling time. Dissolved oxygen was removed from the 
model because this metric remained above environmen-
tally significant levels (> 4 mg/L) throughout the course 
of the experiment at all sites and estuaries. Continuous DO 
were not recorded, and a single static measure of DO does 
not provide information on the temporal oxygen changes 
in the water column.

Effect sizes were calculated using Cohen’s d to compare 
seagrass characteristics prior to and following the passage 
of Hurricane Michael. Cohen’s d measures the magnitude 
of difference between two sample means, with values 
of 0.2, 0.5, and 0.8 representing small (92% overlap), 

Table 2  Environmental and vegetation comparisons across time sam-
pled. General linear regression models relating environmental and 
vegetation variables to time sampled for all three regions

Bold values are indicative of significant comparisons at α = 0.05

SS df F ratio Prob > F

St. George Sound, FL
   Seagrass percent cover 15597.02 4 3.62 0.0098
   Total shoot count 268.97 4 6.26 0.0002
   Average canopy height 526635.90 4 18.20 < 0.0001
  Attenuation coefficient 2.54 4 0.90 0.4669
   Temperature 585.10 4 135.17 < 0.0001
   Salinity 265.48 4 16.16 < 0.0001

Cedar Key, FL
  Seagrass percent cover 1027.77 4 1.01 0.4090
   Total shoot count 222.79 4 3.95 0.0053
   Average canopy height 284852.09 4 3.72 0.0075
   Attenuation coefficient 18.63 4 4.16 0.0040
   Temperature 634.13 4 58.13 0.0073
   Salinity 809.61 4 28.85 < 0.0001

Chandeleur Islands, LA
  Seagrass percent cover 357.71 4 0.47 0.7609
   Total shoot count 342.35 4 7.56 < 0.0001
   Average canopy height 240037.14 4 10.45 < 0.0001
  Attenuation coefficient 9.22 4 1.56 0.1940
   Temperature 744.12 4 56.74 < 0.0001
   Salinity 3236.23 4 311.65 < 0.0001

Table 1  Modified Braun–Blanquet (1932) abundance scale. Used 
to assess the seagrass density as it relates to nekton community 
level changes throughout the study. Cover is defined by the number 
of squares in the 1  m2 quadrat (divided into 100 10 cm × 10 cm grid 
cells) that contained seagrass

Cover class Description

0 No cover
0.1 < 5% cover, solitary shoot
0.5 < 5% cover, few (2–5) shoots
1 < 5% cover, numerous (> 5) shoots
2 ≥ 5–24% cover
3 ≥ 24–49% cover
4 ≥ 49–74% cover
5 ≥ 74–94% cover
6 ≥ 94–100% cover
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medium (80% overlap), and large (69% overlap) effects, 
respectively (Cohen 1988; Lakens 2013). Differences in 
effect size within each estuary provide a measure of practi-
cal significance across sampling times. A Cohen’s d value 
of 1 indicates that 1 standard deviation lies between the 
sample means:

In this equation, ABS is the absolute value, M1 and M2 are 
the average values for each seagrass characteristic during 
the late summer before the storm and 2 weeks following the 
storm event, and pooled SD is the mean standard deviation 
of both sampling times.

Community nekton data were square root transformed to 
manage skewness, and a Bray–Curtis resemblance matrix 
was calculated using Primer™ 7. RELATE and DistLM 
procedures were performed to determine which environ-
mental (temperature, salinity, attenuation coefficient) and 
seagrass (percent cover, shoot count, canopy height) vari-
ables were important in explaining response patterns. Com-
munities were then compared using one-way permutational 
multivariate analysis of variance (PERMANOVA) with 
999 permutations and sampling time (early 2018, late 2018, 
posthurricane, early 2019, late 2019) as a fixed factor. Dis-
tance-based tests for homogeneity of multivariate dispersion 
(PERMDISP) were used to determine how sampling time 
affected group dispersions, using 999 permutations across 
centroid distances. Across all three sampling locations, PER-
MDISP indicated no significant dispersion of data between 
sampling events just prior to and following the storm event 
and the following year, indicating that the locations of the 
centroids, when applicable, were different. Similarity per-
centage (SIMPER) analyses were also performed to quantify 
which species contributed to similarity within each sampling 
time and, if so, how species changed following the storm 
event. A canonical analysis of principal coordinates (CAP) 
plot was used to visualize the temporal patterns in species 
composition among estuaries.

Results

Water Quality

Temperature was significantly lower across all three estuar-
ies following the passage of the storm and varied across sam-
ple site (Tables 2, S1, and S2). In St. George Sound, temper-
atures fell from 30.41 ± 0.28 °C in September to 22.93 ± 0.27 
°C following the storm. Similar declines were found in 
Cedar Key and Chandeleur Islands (Table S2). Salinity var-
ied based on the interaction between site and time sampled 
(Table S1). Although salinity was significantly different 

Cohen
�
s d =

ABS (M
2
−M

1
)

Pooled SD

across sampling time (p < 0.01; Table 2), post hoc compari-
sons found no significant difference between salinity levels 
just prior to and following the storm event in St. George 
Sound (p = 1.00), with an average salinity change < 1 ppt 
two weeks after the storm (Table S2). Salinity was also sig-
nificantly different across sampling time in Cedar Key, FL, 
and Chandeleur Islands, LA (p < 0.01; Table 2), with post 
hoc comparisons indicating a significant increase in salinity 
just prior to and following the storm event (p < 0.01). These 
salinity changes, however, were < 4 ppt at each sample site 
(Table S2) and are unlikely to have affected vegetation and 
associated fauna. The attenuation coefficient varied across 
sampling periods at Cedar Key only (p < 0.01; Table 2), but 
post hoc comparisons showed that these changes were not 
temporally linked to the storm (p = 0.08; Table S2).

Vegetation

St. George Sound, FL — Hurricane Landfall Site with Storm 
Surge and Hurricane‑Force Winds

Seagrass beds in St. George Sound sustained damaged from 
Hurricane Michael but displayed recovery. Seagrass cover, 
total shoot count, and average canopy height varied signifi-
cantly among sample periods (p < 0.01; Table 2). Seagrass 
cover declined from 82.26 ± 8.77% to 50.45 ± 8.47% two 
weeks after the storm (p < 0.01), but 1 year later was not 
different from pre-storm values (75.41 ± 8.47%, p = 0.79; 
Fig. 2; Tables 2, and S2). Total shoot count and mean can-
opy height also exhibited a significant reduction following 
the storm (p < 0.01), but intermediate values the following 
year (Fig. 2; Table S2).

The Cohen’s d effect sizes attributable to Hurricane 
Michael were generally larger at the site directly impacted 
by the storm (St. George Sound) relative to the other two 
estuaries. In St. George Sound, the effect size (d) for sea-
grass percent cover was 1.09, indicating over 1 standard 
deviation of separation just prior to and 2 weeks follow-
ing the storm. When comparing percent cover prior to the 
storm (Late 2018) compared to 1 year later (Late 2019), the 
effect size was smaller (d = 0.56), indicating that the differ-
ence in seagrass percent cover between 2018 and 2019 was 
smaller. Overall changes in shoot count and canopy height 
across the two sampling times were also large (d = 1.15 and 
1.27, respectively) and remained large a year later (d = 1.06 
and 1.37), indicating that there is still clear data separation 
across years. Significant declines in the frequency of T. tes-
tudinum and S. filiforme were also observed following the 
storm, falling from 92 to 66% and 50 to 27%, respectively 
(Table 3). Recovery in these two species was indicated by 
increases in their frequencies in 2019 sampling to near pre-
storm levels (Table 3). The frequency of H. wrightii was low 
prior to the storm and did not change appreciably (Table 3).
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Cedar Key, FL — Hurricane Produced Storm Surge But No 
Hurricane‑Force Winds

Observed potential storm effects on seagrass metrics in 
Cedar Key were minimal. Changes in seagrass percent 

cover were nonsignificant (p = 0.41; Table 2), averaging 
94.14 ± 3.13% prior to the storm and 93.13 ± 4.27% two 
weeks after the storm; percent cover remained high the 
following year (85.66 ± 4.13%; Fig. 2; Table S2). When 
comparing total shoot count and mean canopy height just 
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Fig. 2  Pre- and post-storm monitoring of seagrass metrics bracketing 
of Hurricane Michael in 2018. Seagrass percent cover, mean seagrass 
shoot count, and mean canopy height (± SE) by sampling time for a 
St. George Sound, FL, proximate to landfall; b Cedar Key, FL, storm 
surge only; and c Chandeleur Islands, LA, no storm. Early2018 and 
Late2018 represent the sampling performed before the passage of the 

storm in May to June 2018 and August to September 2018, respec-
tively. PostHurricane represents the sampling done 2 weeks after the 
storm. Early2019 and Late2019 represent that early and late sampling 
that took place 1  year following the storm (May to June 2019 and 
August to September 2019)

Table 3  Seagrass frequency 
changes. Average frequency 
(%) ± SE of seagrass species in 
relation to the time sampled for 
all three regions

Early 2018 Late 2018 Posthurricane Early 2019 Late 2019

St. George Sound, FL
   Thalassia testudinum 99 ± 8% 85 ± 5% 66 ± 8% 82 ± 7% 81 ± 6%
   Halodule wrightii 2 ± 1% 4 ± 2% 1 ± 1% 2 ± 1% 4 ± 3%
   Syringodium filiforme 56 ± 12% 43 ± 10% 27 ± 9% 19 ± 8% 23 ± 8%

Cedar Key, FL
   Thalassia testudinum 93 ± 3% 93 ± 4% 87 ± 7% 85 ± 7% 71 ± 10%
   Halodule wrightii 3 ± 1% 7 ± 3% 8 ± 3% 11 ± 5% 18 ± 6%
   Syringodium filiforme 49 ± 8% 47 ± 9% 69 ± 10% 59 ± 11% 57 ± 9%

Chandeleur Islands, LA
   Thalassia testudinum 86 ± 4% 88 ± 3% 76 ± 10% 90 ± 4% 84 ± 10%
   Halodule wrightii 17 ± 5% 7 ± 2% 14 ± 6% 6 ± 3% 10 ± 10%
   Syringodium filiforme 1 ± 1% 2 ± 1% 12 ± 8% 1 ± 1% 0%
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before and 2 weeks after the storm, significant changes 
were found but were of small magnitude. Total shoot count 
actually increased by 26% when comparing pre- and post-
storm values (p = 0.60), while canopy height showed a 29% 
reduction following the storm (p = 0.05; Table S2). When 
comparing the late summer sample events across years, 
shoot count was not significantly different (p = 0.92), but 
canopy height was again lower, declining by 33.5% com-
pared to pre-storm conditions (p = 0.01; Fig. 2; Table S2). 
In Cedar Key, the effect size (d) for seagrass percent cover 
and canopy height were both small (d = 0.03 and 0.23, 
respectively), indicating a large degree of similarity in 
percent cover and canopy height just prior to and 2 weeks 
after the storm. Effect size estimates from late summer 
2018 and 2019 were also smaller (d = 0.5, 0.3, and 0.4 
for percent cover, shoot count, and canopy height, respec-
tively) compared to our direct impact site (St. George 

Sound, FL). Small declines were recorded for T. testudi-
num frequency following the storm, from means of 93 to 
87%, whereas H. wrightii and S. filiforme increased from 
7 to 8% and from 47 to 69%, respectively (Table 3).

Chandeleur Islands, LA — No Storm Surge 
or Hurricane‑Force Winds

In Chandeleur Islands, LA, changes in seagrass percent 
cover were also nonsignificant (p = 0.76; Table 2), averag-
ing 96.69 ± 3.02% prior to the storm and 90.49 ± 4.18% two 
weeks after the storm; percent cover remained high the fol-
lowing year (92.6 ± 4.38%; Fig. 2; Table S2). Total shoot 
count exhibited a significant reduction 2 weeks following 
the storm, declining by 41.8% (Table S2). These changes 
in shoot count after the storm were not significantly differ-
ent from the early summer sampling (Early 2018; p = 0.52; 
Fig. 2; Table S2). The mean canopy height did not signifi-
cantly change following the storm (p = 0.50; Table S2).

The effect size (d) for seagrass percent cover was small 
(d = 0.2), indicating a mild separation of the points just prior 
to and 2 weeks after the storm. The effect size (d) for seagrass 
shoot count and canopy height were larger (d = 1.6 and 0.6, 
respectively), indicating a higher degree of separation prior to 
and 2 weeks after the storm event. Effect size estimates from 
late summer 2018 and 2019 followed a similar pattern, with 
percent cover showing little change across years (d = 0.2) 
and larger variability occurring in shoot count and canopy 
height (d = 1.1 and 1.8, respectively). Small declines in the 
frequency of T. testudinum occurred following the storm, 
from means of 88 to 76%. The frequency of H. wrightii and 
S. filiforme, however, increased from 7 to 14% and from 2 to 
12%, respectively (Table 3). In general, the overall frequency 
of occurrence for each specific seagrass species exhibited 
no significant declines following the storm event (Table 3).

Seagrass‑Associated Nekton

St. George Sound, FL — Hurricane Landfall Site with Storm 
Surge and Hurricane‑Force Winds

Nekton abundance (N), species richness (S), and Shannon  
diversity (H’) within St. George Sound were not signifi-
cantly different across time sampled (p = 0.61, 0.48, and 
0.14, respectively; Tables  4, and  S3). However, PER-
MANOVA indicated that community structure was different 
(pseudo-F = 6.11; p(perm) = 0.001), with clear separation of 
the nekton communities before and after the storm as well 
as 1 year later (Fig. 3). When comparing faunal communi-
ties with changes in seagrass percent cover, canopy height, 
and shoot count using the RELATE function, no significant 
relationships were found (ρ = 0.02; p = 0.38), indicating that 

Table 4  Animal diversity statistics. Mixed model analysis of vari-
ance across site and time sampled for the diversity variables. General 
linear regression models were then run across each site (St. George 
Sound, FL; Cedar Key, FL; and Chandeleur Islands, LA) separately 
for diversity data in relation to time sampled (early 2018, late 2018, 
posthurricane, early 2019, late 2019) across each site

Bold values are indicative of significant post hoc comparisons at 
α = 0.05

SS df F ratio Prob > F

Ln (animal abundance (N))
   Site 21.56 2 6.92 0.0012
   Time sampled 16.69 4 2.68 0.0326
  Site × time sampled 17.30 8 1.39 0.2028

Species richness (S)
   Site 108.04 2 3.52 0.0313
  Time sampled 102.16 4 1.66 0.1596
  Site × time sampled 171.10 8 1.39 0.2008

Diversity index (H’)
  Site 0.46 2 0.92 0.4002
  Time sampled 1.05 4 1.06 0.3770
   Site × time sampled 6.34 8 0.79 0.0018

St. George Sound, FL
  Ln(animal abundance (N)) 6.19 4 0.67 0.6133
  Species richness (S) 59.44 4 0.88 0.4825
  Diversity index (H’) 1.20 4 1.80 0.1396

Cedar Key, FL
   Ln(animal abundance (N)) 10.44 4 2.53 0.0457
   Species richness (S) 211.39 4 3.66 0.0082
   Diversity index (H’) 1.70 4 3.62 0.0089

Chandeleur Islands, LA
   Ln(animal abundance (N)) 17.23 4 2.85 0.0298
  Species richness (S) 20.48 4 0.34 0.8497
  Diversity index (H’) 4.22 4 2.16 0.0824
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Fig. 3  CAP plot of community 
structure across sampling time. 
Canonical analysis of principle 
coordinates (CAP) plot of a St. 
George Sound, FL; b Cedar 
Key, FL; and c Chandeleur 
Islands, LA, abundance data, 
comparing communities across 
time sampled. Community nek-
ton data were square root trans-
formed to manage skewness. 
Early2018 (blue triangle) and 
Late2018 (inverted red triangle) 
indicate samples taken in the 
early (May to June 2018) and 
late (August to September 2018) 
summer before the passage 
of the storm. PostHurricane 
(green square) is the sampling 
event 2 weeks following the 
passage of Hurricane Michael. 
Early2019 (purple diamond) 
and Late2019 (blue circle) 
are early (May to June 2019) 
and late (August to September 
2019) summer samples taken 
1 year following the passage of 
the storm
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time sampled was the most significant variable contributing 
to the observed change.

The three species responsible for the highest degree of 
similarity across all sites within St. George Sound prior to 
the storm event were Lagodon rhomboides (pinfish), Ortho-
pristis chrysoptera (pigfish), and Bairdiella chrysoura (sil-
ver perch; Table S4). Two weeks following the storm, spe-
cies contribution shifted to L. rhomboides, Farfantepenaeus 
spp. (penaeid shrimp), Chilomycterus schoepfi (striped 
burrfish), and Eucinostomus argenteus (spotfin mojarra; 
Table S4). One year later, the primary species contributing 
most to the similarity again reflected those species found 
prior to the storm (Table S4). Many species-specific abun-
dances were also lower both after the storm and the follow-
ing year (Table S7). Pinfish (L. rhomboides), for example, 
declined 72% following the storm, with further declines 
(28%) the following year (Table S7). Of the species which 
occurred in at least 4 of the 5 sampling events, 82% experi-
enced a decline in abundance following the storm, and 64% 
showed declines 1 year later (e.g., O. chrysoptera, B. chrys-
oura, Callinectes sapidus (blue crab); Table S7).

Cedar Key, FL — Hurricane Produced Storm Surge But No 
Hurricane‑Force Winds

Differences were observed in Cedar Key nekton abun-
dance and diversity across sampling time, but storm effects 
on community structure were minimal. Nekton diversity 
(H’), species richness (S), and abundance (N) within Cedar 
Key all showed significant differences with time sampled 
(p < 0.05; Table 4). These differences, however, were not 
directly related to the storm, with no significant changes 
in nekton abundance, species richness, or diversity follow-
ing the storms passage (p = 0.83, 0.30, and 0.09, respec-
tively; Table S3). Nekton abundance, species richness, and 
diversity also stayed constant between late summer 2018 
and 2019 (p = 0.29, 0.24, and 0.60, respectively; Table S3). 
PERMANOVA analysis indicated that the community struc-
ture was different based on sampling time (pseudo-F = 4.84; 
p(perm) = 0.001) as presented in the CAP plot (Fig. 3). How-
ever, differences were temporally proximate to the storm 
(Fig. 3). The RELATE function also found no significant 
relationships between the faunal and seagrass resemblance 
matrices (rho = 0.08; p = 0.11), indicating that time sam-
pled was the most significant variable contributing to the 
observed change.

Changes in dominant species within nekton communities 
were minimal and did not indicate storm effects. The three 
nekton species responsible for creating the observed pattern 
of similarity across all sampling times within Cedar Key were 
L. rhomboides, O. chrysoptera, and B. chrysoura. There were 
minor shifts in relative contributions of O. chrysoptera and B. 

chrysoura to community composition, and Centropristis stri-
ata (black sea bass) was more consistently found following the 
storm (Table S5). These shifts, however, may have been due to 
temporal variation in community structure, not derived from 
the impact of Hurricane Michael. Some species abundances 
were also lower both after the storm and the following year 
(Table S7). Pinfish (L. rhomboides), for example, declined 
53% following the storm, but increased by 6% the following 
year (Table S7). Of the species that occurred in at least 4 of the 
5 sampling events, 59% experienced a decline in abundance 
following the storm, and only 23% showed declines 1 year later 
(e.g., Diplodus holbrookii (spottail pinfish), Farfantepenaeus 
spp., and Opsanus beta (Gulf toadfish); Table S7).

Chandeleur Islands, LA — No Storm Surge 
or Hurricane‑Force Winds

Total nekton abundance (N) differed over time (p = 0.03; 
Table  4). Tukey post hoc analysis between late summer 
2018 and 2 weeks following the storm showed no significant 
changes in nekton abundance, species richness, or diversity 
between those sampling periods (p = 0.96, 0.82, 0.78, respec-
tively; Table S6). Nekton abundance, species richness, and 
diversity also stayed constant between late summer 2018 and 
2019 sampling (p = 0.70, 1.0, and 0.87, respectively; Table S6). 
Nekton diversity (H’) and species richness (S) did not vary 
across sampling time (p > 0.05; Table 4); community structure 
did (pseudo-F = 15.59; p(perm) = 0.001, 999 permutations), 
but the differences were attributed to temporal variation noted 
before the storm (Fig. 3). No significant relationships were 
found between biological and vegetation resemblance matrices 
using the RELATE function (ρ = 0.1; p = 0.08).

Temporal shifts were observed in species’ contributions 
to community structure, but there were no clear changes 
associated with storm (Table S6). Lagodon rhomboides was 
the greatest contributor to similarity across early summer 
sampling in 2018 and 2019, as well as following the storm 
event. In the late summer, B. chrysoura was the greatest con-
tributor to similarity across sites, followed by L. rhomboides, 
Syngnathus scovelli (Gulf pipefish), Cynoscion nebulosus 
(spotted seatrout), and Farfantepenaeus spp. The same spe-
cies also contributed to the similarity found 1 year following 
the storm, with B. chrysoura and L. rhomboides contributing 
to the similarity found across sites (Table S6). Some species 
abundances were lower both after the storm and the follow-
ing year (Table S7). Pinfish (L. rhomboides), for example, 
declined 73% following the storm, with further declines 
(5%) the following year (Table S7). Of the species which 
occurred in at least 4 of the 5 sampling events, only 46% 
experienced a decline in abundance following the storm, as 
well as 1 year later (e.g., O. chrysoptera, B. chrysoura, C. 
sapidus; Table S7).
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Discussion

In an observation time series of seagrasses and associated 
nekton, we observed evidence of disturbance and initial recov-
ery at the site closest to where the storm made landfall, which 
experienced hurricane-force winds and storm surge. One 
potential confounding factor of this study was fall senescence 
of seagrasses that was likely occurring in the fall when Hur-
ricane Michael struck. To account for such temporal changes, 
we included two other sites in our study, one without storm 
effects and another that had storm surge but did not expe-
rience hurricane-force winds and then looked for temporal 
changes within sites. Previously, we noted inherent differences 
among these sites (Belgrad et al. 2021) and again found sites 
to be significantly different from one another in this study. 
Yet, in St. George Sound, the site closest to storm landfall, we 
found significant reductions in seagrass percent cover, shoot 
density, and canopy height two weeks after the storm. We 
attributed these changes to storm disturbance because we did 
not observe these changes in the other sites at this time. In St. 
George Sound, we also found seagrass percent cover to return 
to pre-storm levels and shoot density and canopy height to 
be of intermediate levels between those measured before vs. 
2 weeks after the storm, suggesting recovery. Although we 
found temporal variation in seagrasses and associated nekton 
in all sites, St. George Sound was the only site in which these 
changes coincided with Hurricane Michael, which we inter-
pret as storm disturbance and subsequent recovery.

The effects associated with storms largely depend on the 
type of ecosystem being studied, with documented trade-offs 
related to resistance and resilience of different ecosystems to 
disturbances (Patrick et al. 2022). Cyclones cause catastrophic 
damage to mangrove forests, with the most extensive damage 
occurring near the eye of the storm and directly along the 
storm-track (e.g., Smith et al. 1994; Dawes et al. 1995; Michot 
et al. 2002; Milbrandt et al. 2006; Zhang et al. 2019). Fol-
lowing these storm events, quicker recovery times are often 
found in areas furthest from the storm center, where wind 
is weaker and damage less severe (Milbrandt et al. 2006). 
Cyclones similarly impact salt marsh habitats (e.g., Cahoon 
2006; Turner et al. 2006; Barras 2007), with increased wave 
energy leading to a linear increase in the rate of coastal salt 
marsh erosion (Leonardi et al. 2016). Yet, seagrasses appear 
resilient to these disturbances despite considerable variation 
in storm damage to them (Patrick et al. 2022).

The reported effects of storms on seagrass meadows 
are variable, ranging from no damage to complete habi-
tat destruction (Correia and Smee 2022). Even within the 
same location, different storms elicit variable effects on sea-
grass meadows (Perkins and Enos 1968; Poiner et al. 1989;  
Fourqurean and Rutten 2004), and in some cases, the same 
storm can vary in the degree of damage observed (Williams 
1990; Rodriguez et al. 1994; Michot et al. 2002).

Immediately following the passage of Hurricane Michael 
in St. George Sound, FL, we observed changes in seagrass 
species composition and declines in seagrass cover, shoot 
count, and canopy height, as well as a shift in seagrass-
associated fauna. In St. George Sound, FL, seagrass cover 
declined from 83 to 50% immediately following the storm 
(p < 0.01) but did show signs of recovery the following year 
(75%). Shoot count and shoot height were also reduced by 
over 50% following the storm. These changes in seagrass 
percent cover were not observed at the other two estuaries.

A species shift also occurred, with pinfish being dom-
inant prior to the storm and penaeid shrimp, striped bur-
rfish, and spotfin mojarra more common following the 
storm event. Widespread declines in species-specific nek-
ton abundances were observed following the storm, with 
continued reductions in some species the following year. 
Overall, both the seagrass and nekton communities showed 
signs of recovery, with seagrass (i.e., percent cover, shoot 
count, shoot height, frequency of occurrence) and nekton 
community composition returning to pre-storm levels the 
following year. Changes in fauna were not observed in other 
sites not directly impacted by the hurricane.

St. George Sound is a protected estuarine system. St. 
George Island, located to the South of our sampling loca-
tions, provided storm protection, and may have lowered the 
potential for wind damage to the seagrass. Salinity and tur-
bidity did not change substantially following this storm and 
may explain the quick recovery time observed for seagrass 
communities. Turtle grass can also recover quickly when 
shoots are removed root system remains intact and are resil-
ient after large scale disturbances (Hall et al. 2021).

Previous studies reported similar changes in nekton com-
munities, with fluctuations in animal abundance and diversity 
following the passage of tropical systems (Greenwood et al. 
2006; Paperno et al. 2006; Stevens et al. 2006; Switzer et al. 
2006; Tabb and Jones 1962). Following the passage of two 
hurricanes in 2004, Paperno et al. (2006) reported the nekton 
community diversity within the Indian River lagoon estuary 
in Florida recovered to pre-hurricane baseline within several 
weeks. Similarly, hypoxic conditions in the Charlotte Harbor 
estuary, FL, following the passage of Hurricane Charley in 
2004 led to a decline in fish abundance as well as an increase 
in the number of freshwater species, but fish assemblages 
returned to pre-storm conditions within a month of the dis-
turbance (Stevens et al. 2006). Overall, nekton communities 
appear to be largely resilient to the direct effects of hurricanes 
and in our study, effects to the seagrass habitat were minimal 
and short-lived (Byron and Heck 2006; Dawes et al. 1995; 
Poiner et al. 1989; Sierra-Rozo et al. 2012; Thomas et al. 
1961). More persistent changes to the nekton community fol-
lowing a disturbance are often associated with a permanent 
change in the topography relating to that disturbance event. 
For example, a major breach on Fire Island, NY, following 
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the passage of Hurricane Sandy in 2012 led to wholesale 
changes in the abundance of both seagrasses and nekton 
assemblages (Tinoco 2017). Persistent salinity changes in 
Florida Bay have also led to a drastic, long-term changes in 
nekton and macroinvertebrate community composition (Zink 
et al. 2020). The present study experienced minimal salinity 
changes following the storm event, which could have influ-
enced their ability to recover quickly.

Two additional storms made landfall along the northern 
Gulf of Mexico in the summer of 2018. Tropical Storm 
Alberto was the first named storm of the 2018 Hurricane 
Season, making landfall along the Florida panhandle on May 
28, 2018. Similarly, Tropical Storm Gordon also made land-
fall along the northern Gulf of Mexico between the Alabama 
and Mississippi border on September 5, 2018. These storms 
passed through our study areas between the first and second 
sampling event of 2018. Seagrass and abundance metrics 
remained relatively stable between the first and second sam-
pling event, making it unlikely that these storms influenced 
our results.

Our study precludes a mechanistic understanding of the 
observed changes, but they could have been driven by con-
current changes to habitat structure (i.e., seagrass plant com-
munity and morphometrics) and/or changes in abiotic condi-
tions such as salinity and light availability resulting from the 
storm. Most studies of hurricane effects are opportunistic, 
and oftentimes occur after hurricanes strike during ongo-
ing research (e.g., Correia 2021; Correia and Smee 2022). 
Having pre- and post-storm measurements that are consist-
ent is rare, and using sentinel monitoring sites with consist-
ent monitoring is needed to accurately capture ecosystem 
responses to storms (Hogan et al. 2020). When reviewing 
existing literature, Correia and Smee (2022) did not uncover 
clear relationships between the number and severity of storms 
and declines in seagrass cover. However, environmental fluc-
tuations during and after the storm negatively impacted sea-
grasses. Plant burial and prolonged changes in water quality 
accounted for most reported seagrass declines (Correia and 
Smee 2022). In the current study, the decreased frequencies 
of seagrass occurrence in St. George Sound immediately 
after the passage of Hurricane Michael could have resulted 
from burial due to sediment changes, leaf removal due to 
waves and strong currents, or a combination of these factors 
(Fourqurean and Rutten 2004; Heck et al. 1996; Michot et al. 
2002; Timant et al. 1994). While not measured, multiple sites 
were observed to be partially or completely buried by sedi-
ment following the passage of the storm in St. George Sound. 
Future research needs to incorporate environmental changes 
observed within seagrass beds following storms because 
these factors are important to recovery.

Vegetation changes in both the surge impacted site 
(Cedar Key, FL) and areas not affected by the storm 

(Chandeleur Islands, LA) did not coincide with the storm 
and were attributed to seasonal changes. Although seagrass 
shoot density in the Chandeleur Islands declined signifi-
cantly following the storm and remained low the follow-
ing year, other seagrass characteristics including canopy 
height, seagrass percent cover, and the composition of 
seagrass species did not change, suggesting the change 
in shoot density is not storm-related. The shoot density 
fluctuations observed could be driving the variability in 
the nekton community observed as well. The Chandeleur 
Islands are known to host a dynamic seagrass system that 
has historically seen rapid changes in seagrass cover and 
species composition (Darnell et al. 2017). Seagrass beds 
there had been considered pristine due to the limited acces-
sibility and general lack of direct human impacts (i.e., pol-
lution and nutrient loading) (Poirrier and Handley 2007). 
However, in recent years, the islands have undergone 
significant changes due to storm and hurricane impacts 
(Fearnley et al. 2009; Sherwood et al. 2014; Williams et al. 
1997), potentially contributing to the shoot density fluctua-
tion seen in this study. Although we cannot account for the 
shoot density change, the magnitude of the change was 
much smaller than those observed at our impacted site, and 
we concluded that the effect was not related to the storm.

Structural complexity within aquatic systems is a major 
driver of nekton community composition and diversity  
(Bartholomew et al. 2000; Thayer et al. 1987; Vince et al. 
1976), and an increased understanding of how disturbance 
events influence changes in vegetation and associated nekton 
communities is extremely important in a changing climate 
where storms are projected to become more intense and fre-
quent. In this study, the passage of a category 5 hurricane 
coincided with immediate changes to seagrass and nekton 
communities. Changes observed were short-lived, lasting 
weeks to months after the storm made landfall with recov-
ery to pre-storm conditions 1-year after the storm. These 
results reveal the resilience of seagrasses and their associated 
nekton communities. Understanding how disturbance events 
influence changes in vegetation and associated nekton com-
munities is important in a changing climate where storms are 
projected to become more intense and frequent.
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