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Abstract
The marsh-mangrove ecotone along the southeastern US Atlantic coast occurs in northeast Florida within the Guana-Tolomato-
Matanzas (GTM) estuary, where emergent vegetation transitions from marsh-dominated in the north to mangrove-dominated in
the south. Dominant vegetation type has been shown to influence creek bank slope, nekton access to refuge, predation risk, and
access to food. The northward distribution of mangroves in the estuarine mosaic is in flux in northeast Florida, and the effect on
subtidal nekton, including commercially important species, is not known. To determine if estuarine nekton assemblages differ
along the marsh-mangrove ecotone, a 60-km transition zone within GTM estuary was divided into 20 sub-zones where nearshore
subtidal nekton communities were sampled monthly with trawls for 1 year. A total of 15,750 individuals consisting of 100
species were collected during the study period; 13 species made up 90% of the total catch. Subtidal nekton assemblages in marsh
sites were dominated by typical salt marsh species (i.e., Leiostomus xanthurus, Anchoa spp., Bairdiella chrysoura) and had little
overlap with assemblages in mixed and mangrove sites, which were dominated by structure-oriented species (i.e., Lagodon
rhomboides and Eucinostomus spp.). Despite similar environmental conditions among the zones, there were clear differences in
the subtidal nekton community along the marsh-mangrove ecotone, largely driven by fish species. This change in nekton
community along the ecotone suggests that ecological processes such as food availability or predator/prey dynamics affected
by changes inmarsh surface habitats may result in differences in nekton species distribution and abundance across interconnected
habitats such as in subtidal nekton that we observed in the GTM estuary.
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Introduction

Estuaries are composed ofmosaics of multiple, interconnected
habitat types (e.g., the vegetated marsh surface, marsh ponds
and pools, intertidal and subtidal creeks, open-water) that
serve as critical nursery areas for numerous fish and natant
invertebrate species (nekton) (Sheaves 2005, 2009; Rountree
and Able 2007). Nekton use of any particular habitat type is
largely species-specific or size-related and driven by physical

and biological factors (Hoese and Moore 1998; Able and
Fahay 2010). Nekton moving at different spatial and temporal
scales shift energy and nutrients among these habitat types,
supporting multiple trophic levels within estuarine and coastal
ecosystems (Kneib 1997, 2000; Allen et al. 2013; Ziegler et al.
2019). The value of these habitat types to nekton largely
hinges on their degree of connectivity, especially for transient
nekton species, which spawn offshore and use estuaries as
nursery areas (Rozas 1995; Baker et al. 2013, 2015).

In salt marsh habitats, the dominant emergent vegetation is
one of the most important factors determining the function in
terms of shelter and food available to support various species
(Weinstein et al. 1997; Nelson et al. 2019). Salt marshes along
much of US Atlantic and Gulf coasts are dominated by
smooth cordgrass, Spartina alterniflora, and other Spartina
species (Kreeger and Newell 2000; Mendelssohn and Morris
2000). Changes in the dominant marsh surface vegetation can
impact nekton throughout the habitat mosaic. One well-
studied example, the invasion and subsequent dominance of
Phragmites australis in typically Spartina-dominated salt
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marshes in the northeastern USA altered the structure and
function of marshes for multiple life history stages of nekton
occupying habitats throughout the estuary, not just marsh sur-
face habitats (Able and Fahay 2010). The examination of nek-
ton demographics and functional attributes inmultiple habitats
(e.g., marsh surface, intertidal creeks, subtidal creeks) in that
study allowed for a comprehensive understanding of how a
change in the dominant emergent vegetation (in this case
Phragmites replacing Spartina) impacts nekton in the larger
estuarine ecosystem (Able and Fahay 2010).

Mangroves dominate the intertidal landscape in tropical
and subtropical regions throughout the world, and mangroves
have been observed expanding into salt marshes where these
two habitat types co-occur in Asia, Africa, Australia/New
Zealand, and North and South America (Saintilan et al.
2014; Feller et al. 2017; Kelleway et al. 2017; Whitt et al.
2020). On the US Atlantic coast, the ecotone where the
Spartina-dominated salt marshes (hereafter marsh) of the
southeastern USA meet the current poleward distributional
limit of mangroves occurs in northeast Florida (~ 28° N–30°
N). The range and dominance of marsh and mangroves in this
transition zone have fluctuated over the last 250 years, primar-
ily influenced by extreme cold events, with mangroves pre-
dicted to continue expanding northward into marshes over the
next 50 years (Cavanaugh et al. 2014, 2015, 2019). During the
period from 1984 to 2011, the spatial extent of mangroves
doubled within the northern portion of this region (29° N–
29.75° N; Cavanaugh et al. 2014). A relatively rapid change
in dominant emergent vegetation has been observed in some
locations, with the area around the Matanzas Inlet in the
Guana-Tolomato-Matanzas (GTM) estuary undergoing a de-
crease in marsh coverage of 81% between 2008 and 2013
(Rodriguez et al. 2016). The ecological implications of this
encroachment of mangroves into marshes are not fully under-
stood, but it is expected that this transition in dominant emer-
gent vegetation will have significant impacts on the structure,
function, and ecosystem services of these coastal systems
(Feller et al. 2017; Kelleway et al. 2017).

Currently information is lacking on the potential impacts of
mangrove encroachment into marsh habitats on fauna, particu-
larly estuarine nekton (Kelleway et al. 2017).While some studies
have been conducted, nearly all to date have examined nekton
use of the marsh surface in some combination of adjacent marsh,
mixed marsh-mangrove, and mangrove-dominated habitats in-
cluding studies in Australia (Moussalli and Connolly 1998;
Mazumder et al. 2005, 2006) and North America (Caudill
2005; Diskin and Smee 2017; Johnston and Caretti 2017;
Smee et al. 2017; Johnston and Gruner 2018; Scheffel et al.
2018; Nelson et al. 2019; Walker et al. 2019). At the marsh-
mangrove ecotone along the US Atlantic and Gulf coasts, the
faunal composition and abundances of marsh surface nekton
differed with marsh or mangrove vegetation. Compared with
marshes, nekton in mangrove-dominant habitats can experience

decreased recruitment and predation efficiency (Johnston and
Caretti 2017; Glazner et al. 2020), as well as altered prey com-
munities (e.g., benthic infauna, epifauna; Lunt et al. 2013; Smee
et al. 2017; Smith et al. 2019). These changes can alter commu-
nity composition and trophic dynamics for nekton (especially
transient nekton; Nelson et al. 2019) that occupy other habitats
(e.g., intertidal and subtidal creeks) in these transitional ecotonal
systems. Impacts on nekton in other habitats, such as subtidal
nekton, have received considerably less attention; but recently
some differences in subtidal nekton assemblage composition
were observed between sites with and without mangroves (see
Armitage et al. in press).

To examine the potential impacts of the transition of
marshes to mangrove-dominated habitats on nekton in
subtidal creek habitats, we collected nekton at multiple sites
throughout the marsh-mangrove ecotone in northeast Florida
on the US Atlantic coast. Nearshore trawl collections were
conducted monthly throughout the GTM estuary for a 1-year
period to observe temporal and spatial differences in subtidal
nekton communities along the gradient of habitat types in-
cluding Spartina-dominated marsh, mixed marsh-mangrove
areas, and mangrove-dominated habitats. This is one of the
first studies to examine subtidal nekton assemblages in a
marsh-mangrove ecotone; thus it is an important step towards
understanding the potential cascading impacts of this poten-
tially ongoing change in emergent vegetation on nekton in the
estuarine mosaic.

Methods

Study Area

Located along the northeast Florida coast, the GTM estuary is
a narrow and relatively shallow (average depth 2.7 m) lagoon-
al estuary experiencing semidiurnal tides (tidal range ~ 1.5 m)
with two inlets (St. Augustine and Matanzas) connecting it to
the Atlantic Ocean (Powell et al. 2006; Valle-Levinson et al.
2009). The estuary spans approximately 60 km of coast from
Ponte Vedra Beach (30° 07′ 57.00“ N, 81° 23’ 07.13” W) to
Marineland (29° 36′ 21.90“N, 81° 12’ 07.92”W). Three main
tributaries form the GTM estuary: the Guana and Tolomato
Rivers to the north of St. Augustine, and the Matanzas River
to the south. The Tolomato and Matanzas Rivers also serve as
the Intracoastal Waterway for this portion of Florida. The
GTM estuary is generally well mixed (Webb et al. 2007;
Valle-Levinson et al. 2009) with a flushing time (time to ex-
change 50% of water volume) of about two weeks (Sheng
et al. 2008). Compared with other estuaries along the US east
coast, the GTM estuary receives relatively little freshwater
input and is very narrow east-to-west (Korsman et al. 2017).

The GTM estuary is positionedwithin the marsh-mangrove
ecotone (~ 28° N to 30° N) and includes or is near the northern
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range limit for mangrove species along the US Atlantic coast
(Williams et al. 2014; Goldberg and Heine 2017; Cavanaugh
et al. 2019). The emergent vegetation in intertidal marsh hab-
itats in the estuary consists of Spartina alterniflora-dominated
marshes in the north and mixed marsh-mangrove and
mangrove-dominated (primarily black mangroves, Avicennia
germinans) areas in the south (Williams et al. 2014). Spartina
and mangrove population dynamics in this transition zone
within the GTM estuary have received considerable attention
over the last decade (Feller et al. 2017), with studies utilizing
the range of habitats from the northern Spartina-dominated
salt marsh sites (e.g., Dangremond and Feller 2016; Smith
et al. 2019) to the mixed marsh-mangrove and mangrove-
dominated areas in the south (e.g., Devaney et al. 2017;
Simpson et al. 2020).

Field Sampling Methodology

The 60-km GTM estuary was divided into 20 zones, each
spanning approximately 3 km north to south. A single
nearshore subtidal site was selected within each zone that
had a clear trawl path adjacent to the creek edge (Fig. 1;
Electronic Supplemental Material; Table S1). Fishes,
crabs, squids, and shrimps (i.e., nekton) were collected
with an otter trawl (4.9-m-wide mouth, graded mesh sizes
of 38 mm at the mouth to 6 mm at the cod end). Trawls
consisted of a 2-min tow against the tide at approximately
2–3 knots. Each trawl was pulled by a small outboard
power boat along a path approximately parallel to the creek
edge at a mean depth of 2.8 m (± 1.0 m). Three replicate
tows were conducted at each of the 20 sites monthly from
January through December 2012 (i.e., 20 sites × 3 replicate
tows = 60 tows/month; n = 720 tows in total). Tides were
not controlled for due to the limitation of daylight hours
and need to collect samples as close as possible temporally
over the large sampling area. Trawl collections generally
occurred over two consecutive days with sampling at sites
1–10 (northern) completed on the first and sites 11–20
(southern) on the following day. Before the first trawl
tow at each site, water temperature, salinity, and dissolved
oxygen concentration were measured using a handheld
YSI multi-parameter meter.

After each trawl collection was brought onboard, shells,
algae, debris, and sessile invertebrates were removed from
the sample, then the remaining nekton were identified, enu-
merated, and up to 20 individuals of each species were mea-
sured (length, millimeters) in the field. Total length (TL) was
recorded for fishes and squids, carapace width (CW) for crabs,
wing width (WW) for rays, and carapace length (CL) for
shrimps and sea turtles. Any individuals that could not be
identified in the field were placed on ice and processed in
the laboratory.

Data Analyses

Descriptive statistics were used to examine and compare nek-
ton composition, abundance (individual species and com-
bined), and size, as well as environmental data by month
(n = 12) and zone (n = 20). For each species, trawl occurrence
(number and percent of tows), abundance (total number,
catch-per-unit-effort [CPUE as total abundance/number of
tows], and standard deviation), and size (total number of indi-
viduals measured; minimum, median, and maximum lengths)
were reported. Additional measures of nekton richness (num-
ber of species), diversity (Shannon Diversity Index, natural
log), and evenness (Pielou’s) were calculated using
PRIMER 6.0 (Anderson et al. 2008). Nekton abundance (all
species combined), species composition (richness, diversity,
evenness), and size, as well as water quality parameters (tem-
perature, salinity, and dissolved oxygen) were examined by

Fig. 1 Map of the 20 subtidal nearshore trawl sampling sites within each
of 20 ~ 3-km zones within the 60-km Guana-Tolomato-Matanzas (GTM)
estuary on the US Atlantic coast in northeast Florida. The GTM estuary
has two inlets, the St. Augustine and Matanzas Inlets. Zones represent a
gradient of habitats (as depicted bymarsh andmangrove arrows spanning
the estuary), with zone 1 being salt marsh-dominated and zone 20 being
mangrove-dominated
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plotting the means of replicate tows by month and zone in
boxplots using the ggplot2 package in the R statistical com-
puting environment (v3.6.0, R Core Team 2018). To further
examine spatial and temporal patterns, heat maps were created
in ggplot2 displaying species abundances (range was unique
to each species) by zone and month.

Nekton assemblages were compared using the software
package PRIMER 6.0 with the PERMANOVA+ add on
(Anderson and Robinson 2003; Anderson and Willis 2003;
Anderson et al. 2008). A mean nekton assemblage abundance
matrix was calculated by taking the mean of the catch of a
given species across the three replicate trawls in each zone
(n = 20) each month (n = 12) for the full study period (thus
the final matrix had n = 240 mean trawl samples); all species
were included. The nekton assemblage structures were com-
pared on the basis of Bray-Curtis similarity after mean abun-
dance data were natural log transformed to reduce the weight
of abundant species, allowing less abundant species to con-
tribute to the assemblage analyses. A canonical analysis of
principal coordinates (CAP) was used to examine differences
in nekton assemblages by discriminating factors, and the most
abundant species were plotted as vectors (using Pearson cor-
relation values) on the CAP ordination plot.

Results

Environmental Conditions

Temperature and dissolved oxygen varied seasonally, but
were fairly consistent across the zones with annual vari-
ability of water temperatures being slightly higher at the
most northern and southern sites than at sites in the mid-
dle of the GTM estuary (Fig. 2). Temperature ranged from
15.8 to 32.0 °C (mean = 23.5 °C ± 4.1 SD) with the lowest
temperatures occurring in February and the highest in
July. Dissolved oxygen ranged from 2.6 to 9.8 mg/L
(mean = 5.6 mg/L ± 1.6 SD) with the lowest concentra-
tions in October and the highest in February.

Salinity was more variable by zone with the sites located
nearest the inlets (i.e., Zones 7–17) having near oceanic
salinities year-round, while sites further from the inlets
were influenced by seasonal rainfall patterns (e.g., fresh-
water input) (Fig. 2). Mean salinity values observed
throughout the GTM estuary were either polyhaline (salin-
ities of 18–30) or euhaline (salinities ≥ 30). The mean sa-
linity in 17 of 20 zones was 30 or above, while the three
northern zones that had mean salinities lower than this
ranged from 25.0 to 27.4. Since all zones experience these
high salinities most of the time, the GTM estuary can be
characterized as a high-salinity estuary, as would be ex-
pected for an estuary that is ocean-dominated.

Composition and Abundance

A total of 15,750 individuals consisting of 100 species were
collected during the study period (Table 1). Nekton collec-
tions were dominated by a small number of abundant species:
13 species made up 90% of the total catch, while 23 species
made up 95%. The top 10 most abundant species included
common estuarine species (in order of abundance): Anchoa
mitchilli, Lagodon rhomboides, Leiostomus xanthurus,
Lolliguncula brevis, Anchoa hepsetus, Bairdiella chrysoura,
Litopenaeus setiferus, Ariopsis felis, Stellifer lanceolatus, and
Micropogonias undulatus. Just over half (52%) of the species
collected were represented by < 10 individuals. No individ-
uals were collected in 9% (n = 64) of the 720 trawls.

Fig. 2 Water quality (dissolved oxygen, temperature, and salinity)
variability by zone during the study period
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Table 1 Subtidal nekton collected in monthly trawls at 20 zones in the
marsh-mangrove ecotone of the GTM estuary from January through
December 2012. Species are listed by major taxonomic group in alpha-
betical order. Occurrence refers to the number (N) and percentage (%) of
trawls a species was collected in out of a total of 720 tows. Abundance is

the total number of individuals and the catch-per-unit-effort (CPUE) with
one standard deviation for each species. For size, the number of individ-
uals measured (N) and the minimum, median, and maximum lengths (in
millimeters; Min/Med/Max) are reported for each species

Occurrence Abundance Size

Species Name N % N CPUE Stdev N Min/Med/
Max

Chelicerata

Limulus polyphemus 2 0.28 2 0.00 0.05 2 200/228/255

Chelonioidea

Caretta caretta 1 0.14 1 0.00 0.04 1 615

Chondrichthyes

Dasyatis americana 2 0.28 2 0.00 0.05 2 315/390/465

Dasyatis sabina 29 4.03 30 0.04 0.21 29 125/220/352

Dasyatis say 12 1.67 14 0.02 0.16 15 230/385/530

Gymnura micrura 20 2.78 21 0.03 0.18 21 162/580/815

Raja eglanteria 3 0.42 3 0.00 0.06 3 312/379/380

Sphyrna tiburo 1 0.14 1 0.00 0.04 1 516

Crustacea

Callinectes sapidus 66 9.17 88 0.12 0.45 85 15/107/419

Callinectes similis 31 4.31 48 0.07 0.36 47 21/57/195

Charybdis helleri 16 2.22 20 0.03 0.21 20 15/40/125

Farfantepenaeus duorarum 6 0.69 6 0.01 0.09 6 9/16/35

Hepatus epheliticus 1 0.14 1 0.00 0.04 1 54

Litopenaeus setiferus 37 5.14 423 0.59 5.13 290 4/15/43

Menippe mercenaria 8 1.11 8 0.01 0.10 8 5/11/105

Moreiradromia antillensis 1 0.14 1 0.00 0.04 1 25

Ovalipes ocellatus 1 0.14 1 0.00 0.04 1 26

Portunus gibbesii 10 1.39 12 0.02 0.15 11 22/30/49

Portunus spinimanus 6 0.83 6 0.01 0.09 6 17/38/52

Squilla empusa 2 0.28 2 0.00 0.05 2 66/68/69

Mollusca

Lolliguncula brevis 246 34.17 1270 1.76 4.94 1135 5/50/188

Osteichthyes

Achirus lineatus 7 0.97 7 0.01 0.10 7 134/140/166

Alosa mediocris 1 0.14 1 0.00 0.04 1 335

Aluterus schoepfi 1 0.14 1 0.00 0.04 1 75

Anchoa hepsetus 140 19.44 1195 1.66 15.02 677 17/54/150

Anchoa mitchilli 228 31.67 5323 7.39 58.80 1916 18/55/92

Ancylopsetta ommata 3 0.42 3 0.00 0.06 3 69/175/201

Archosargus probatocephalus 26 3.61 52 0.07 0.60 52 216/301/510

Ariopsis felis 127 17.64 405 0.56 4.83 267 41/185/441

Bagre marinus 18 2.50 29 0.04 0.32 30 84/165/346

Bairdiella chrysoura 115 15.97 833 1.16 9.10 550 31/153/319

Brevoortia tyrannus 18 2.50 31 0.04 0.31 30 96/196/305

Caranx crysos 1 0.14 1 0.00 0.04 1 17

Caranx hippos 10 1.39 11 0.02 0.13 11 26/150/340

Centropristis philadelphica 28 3.89 36 0.05 0.28 36 35/81/280

Centropristis striata 38 5.28 52 0.07 0.34 52 50/110/216

Chaetodipterus faber 43 5.97 83 0.12 0.65 83 34/113/199
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Table 1 (continued)

Occurrence Abundance Size

Species Name N % N CPUE Stdev N Min/Med/
Max

Chilomycterus schoepfi 9 1.25 9 0.01 0.11 9 131/176/225

Chloroscombrus chrysurus 84 11.67 249 0.35 1.80 234 15/60/210

Citharichthys macrops 1 0.14 1 0.00 0.04 1 125

Citharichthys spilopterus 28 3.89 31 0.04 0.22 31 25/74/111

Ctenogobius boleosoma 1 0.14 1 0.00 0.04 1 37

Cynoscion arenarius 35 4.86 83 0.12 0.91 82 42/171/315

Cynoscion nebulosus 13 1.81 19 0.03 0.23 19 34/190/325

Cynoscion regalis 7 0.97 9 0.01 0.13 9 20/204/284

Diapterus auratus 44 6.11 204 0.28 1.86 191 36/76/165

Dorosoma cepedianum 3 0.42 4 0.01 0.09 4 167/200/250

Elops saurus 7 0.97 7 0.01 0.10 7 28/310/480

Etropus crossotus 30 4.17 34 0.05 0.24 34 29/81/141

Eucinostomus argenteus 71 9.86 258 0.36 1.77 257 25/66/176

Eucinostomus gula 79 10.97 221 0.31 1.23 221 11/109/190

Eucinostomus harengulus 5 0.69 53 0.07 1.48 34 31/65/94

Eucinostomus lefroyi 1 0.14 3 0.00 0.11 3 36/41/42

Eugerres plumieri 2 0.28 2 0.00 0.05 2 115/147/179

Gobiosoma ginsburgi 1 0.14 1 0.00 0.04 1 32

Gobionellus oceanicus 1 0.14 1 0.00 0.04 1 57

Harengula jaguana 3 0.42 5 0.01 0.12 5 115/119/171

Hippocampus erectus 5 0.69 6 0.01 0.11 6 57/70/120

Hypsoblennius hentz 3 0.42 3 0.00 0.06 2 64/65/66

Lagocephalus laevigatus 1 0.14 1 0.00 0.04 1 475

Lagodon rhomboides 326 45.28 2027 2.82 5.85 1872 50/145/231

Leiostomus xanthurus 276 38.33 1357 1.88 6.46 1106 37/175/300

Lutjanus griseus 11 1.53 15 0.02 0.19 15 165/215/240

Lutjanus synagris 40 5.56 51 0.07 0.32 51 24/124/206

Megalops atlanticus 1 0.14 3 0.00 0.11 3 21/21/25

Menticirrhus americanus 21 2.92 39 0.05 0.37 38 19/61/205

Microgobius gulosus 1 0.14 1 0.00 0.04 1 33

Micropogonias undulatus 49 6.81 280 0.39 2.88 225 16/135/238

Mugil cephalus 6 0.83 18 0.03 0.36 18 152/217/245

Mugil curema 6 0.83 6 0.01 0.09 6 120/183/244

Neomerinthe hemingwayi 1 0.14 1 0.00 0.04 1 144

Ogcocephalus radiatus 3 0.42 3 0.00 0.06 3 181/183/189

Ophichthus gomesii 2 0.28 2 0.00 0.05 2 360/435/510

Opisthonema oglinum 6 0.83 11 0.02 0.21 11 20/50/124

Opsanus tau 9 1.25 10 0.01 0.13 10 56/132/320

Orthopristis chrysoptera 23 3.19 38 0.05 0.44 38 33/186/305

Paralichthys albigutta 3 0.42 3 0.00 0.06 3 127/171/216

Paralichthys dentatus 4 0.56 4 0.01 0.07 4 174/233/255

Paralichthys lethostigma 12 1.67 13 0.02 0.14 12 174/260/475

Peprilus paru 3 0.42 5 0.01 0.11 5 110/116/127

Pogonias cromis 3 0.42 3 0.00 0.06 3 200/286/304

Pomatomus saltatrix 16 2.22 24 0.03 0.27 24 153/283/375

Prionotus scitulus 18 2.50 19 0.03 0.17 19 50/114/225
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Exhibiting typical seasonal patterns for southeastern US estu-
aries, species richness, diversity, and abundance displayed
two peaks throughout the year, one in the warmer months
(May through July; late spring and early summer) with anoth-
er peak occurring in the fall in November (Electronic
Supplemental Material; Fig. S2). Evenness was higher in
months of lower species richness (Fig. S2).

Spatial patterns in diversity indices also existed.
Species richness and diversity tended to be highest at
the northernmost marsh-dominated zones (1 and 2) and
decreased until zones 9 through 11. Richness and diversi-
ty then transitioned to the lowest point near zone 17 in the
south before increasing once again at mangrove-
dominated zones 18, 19, and 20 (Fig. 3). Species abun-
dance generally decrease from north to south with a slight
increase in the most mangrove-dominated zones (Fig. 3).
Species evenness was also generally highest near the
northernmost (marsh-dominant) zones, decreasing in the
middle and increasing at the southernmost (mangrove-
dominant) zones, but did not match the patterns of the
other diversity indices exactly. Some zones (e.g., 3, 5,
and 7) had fewer different species and fewer individuals
than nearby zones, but high evenness even though diver-
sity was similar; this indicates that at those zones, no
species was overwhelmingly dominant (Fig. 3).

Examination of abundances of the species (n = 23) com-
prising 95% of the catch revealed differences among the 20
trawl locations in the GTM estuary (Fig. 4). Some species,
primarily Eucinostomus argenteus, Eucinostomus gula, and
L. rhomboides, were more abundant in the southern portion
of the estuary (zones 9–20) where the surface habitat is pri-
marily mixed and mangrove-dominated vegetation. Seven
species were more abundant in the northern portion of the
estuary, especially zones 1–6, where the surface habitat is
Spartina-dominated: A. mitchilli, B. chrysoura, L. xanthurus,
L. setiferus, L. brevis, M. undulatus, and S. lanceolatus.
Young (small) individuals of L. xanthurus, B. chrysoura,
and L. brevis were most abundant within the zones where
mangroves were absent (Electronic Supplemental Material).
Three species (A. hepsetus, A. felis, and Chloroscombrus
chrysurus) were collected throughout the estuary with no ap-
parent abundance pattern. The abundance patterns by zone
and season for the four most abundant species collected are
illustrated in Fig. 5. Anchoa mitchilli was collected primarily
in summer months in zones 1–6, and then greater abundances
were observed in the late summer and fall in the more south-
erly zones 9–15. Although collected throughout the year,
L. xanthurus and L. brevis were most abundant from
January through June in zones 1–6, with another increase in
abundance during the fall mainly around zones 8–13.

Table 1 (continued)

Occurrence Abundance Size

Species Name N % N CPUE Stdev N Min/Med/
Max

Prionotus tribulus 13 1.81 13 0.02 0.13 13 30/115/190

Scorpaena brasiliensis 1 0.14 1 0.00 0.04 1 132

Scorpaena plumieri 2 0.28 2 0.00 0.05 2 61/62/63

Selene setapinnis 3 0.42 4 0.01 0.09 4 41/44/46

Selene vomer 14 1.94 16 0.02 0.17 15 29/130/236

Sphoeroides nephelus 12 1.67 12 0.02 0.13 11 41/140/219

Sphoeroides spengleri 8 1.11 8 0.01 0.10 8 56/105/130

Sphyraena guachancho 1 0.14 1 0.00 0.04 1 99

Stellifer lanceolatus 11 1.53 357 0.50 9.20 90 22/48/70

Stephanolepis hispidus 16 2.22 16 0.02 0.15 15 19/34/100

Symphurus plagiusa 5 0.69 5 0.01 0.08 13 24/45/115

Syngnathus fuscus 7 0.97 7 0.01 0.10 7 128/175/234

Syngnathus louisianae 3 0.42 3 0.00 0.06 3 275/295/311

Synodus foetens 56 7.78 73 0.10 0.39 73 34/186/354

Trachinotus carolinus 1 0.14 1 0.00 0.04 1 173

Trichiurus lepturus 3 0.42 3 0.00 0.06 3 310/410/512

Trinectes maculatus 38 5.28 68 0.09 0.49 68 19/119/202

No Catch 64 8.89 – – – – –
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Lagodon rhomboides was abundant throughout the year in
zones 10–20 and was also observed at lesser abundances in
zones 1–9 from January through July.

Nekton Assemblages

Subtidal nekton assemblages differed among zones throughout
the ecotone (Fig. 6). CAP analysis showed the trawl zones
separated along the marsh-mangrove gradient (north to south)
and grouped along the two canonical axes CAP 1 (eigenvalue =
0.76; canonical correlation = 0.57) and CAP 2 (eigenvalue =
0.63; canonical correlation = 0.39) (Fig. 6). The influence of the
most abundant species (i.e., top 90% of abundance; n = 13 spe-
cies; Table 1) is shown in the vector overlays displayed using
Pearson correlations with canonical axes (Fig. 6). Nekton as-
semblages in the more southerly zones where mixed and
mangrove-dominated vegetation was present were associated
with three species: E. argenteus, E. gula, and L. rhomboides.
The remaining species (n = 10) were associated with the north-
erly zones with more Spartina-dominated marshes.

Discussion

Subtidal nekton assemblages, measures of diversity, and the
abundances and sizes of dominant nekton species differed
throughout the marsh-mangrove ecotone in the high-salinity
GTM estuary. These differences suggest that the transition of
emergent marsh vegetation to mangroves influences nekton
communities in interconnected habitats within the estuarine
mosaic. The marsh-dominant northern zones generally had
higher diversity index scores (e.g., abundance, richness, and

Fig. 4 Heat map of species (n = 23) making up the top 95% of total catch.
White squares indicate that no individuals were caught while black
squares indicate the zone with the highest number of individuals.
Shading is proportional by species

Fig. 3 Mean species richness,
evenness, diversity, and
abundance of replicate tows by
zone during the study period.
Note: Mean abundance in one set
of replicate tows in zone 1 was off
the y-axis scale for total abun-
dance (709 individuals) and is
noted separately
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diversity) than the southern mangrove-dominant zones.
Different nekton species were more abundant within the
southernmost and northernmost zones along the vegetative
transition despite similar physiochemical factors at the two
vegetation extremes.

Nekton assemblage differences among zones in the GTM
estuary were likely due to recruitment and habitat selection and
not limited by larval supply. The ingressing larval fish commu-
nities during the same year were similar for the St. Augustine
and Matanzas Inlets, even though larval densities and species
richness were consistently greater for collections at the
Matanzas Inlet throughout the year (Jan-Dec) (Korsman et al.

2017). Importantly, larval fish of dominant and ubiquitous es-
tuarine species identified in our study were ranked similarly
abundant for both inlets, including M. undulatus (1st at both),
L. xanthurus (ranked 5th at both), L. rhomboides (12th and
13th), and Eucinostomus spp. (2nd and 4th) (Korsman et al.
2017). As older age classes, these same species influenced the
differences in subtidal nekton assemblages observed in our
study. The GTM estuary is generally well mixed (Webb et al.
2007; Valle-Levinson et al. 2009), so presumably early life
stages of nekton would get transported throughout the estuary
(although this has not been examined). If true, this suggests that
potential recruits could have selected marsh or mangrove hab-
itats or that recruits had lower survival (higher mortality) when
matched with a less favorable habitat type, similar to the sce-
nario hypothesized for recruitment differences observed for

Fig. 5 Heat maps of abundance by zone and month for the top four most
abundant species collected with trawls during the study period. Note that
abundance (catch-per-unit-effort, CPUE) ranges vary with species

Fig. 6 Canonical analysis of principal coordinates (CAP) of nekton as-
semblages at each of the 20 zones throughout the ecotone displayed along
CAP 1 (eigenvalue = 0.76; canonical correlation = 0.57) and CAP 2 (ei-
genvalue = 0.63; canonical correlation = 0.39). A mean nekton assem-
blage abundance matrix was calculated by taking the mean of the catch
of a given species across the three replicate trawls in each zone (n = 20)
eachmonth (n = 12) for the full study period (thus the final matrix had n =
240mean trawl samples). Zones represent a gradient of habitats with zone
1 being salt marsh-dominated and zone 20 being mangrove-dominated.
Analysis was based on the Bray-Curtis similarity calculated from natural
log transformed mean nekton abundances. Vector overlays for the most
abundant species (i.e., top 90% of abundance; n = 13 species) are
displayed using Pearson correlations with canonical axes (note that the
vectors for S. lanceolatus and A. felis, which are both just to the left of the
origin, are not labeled in the vector graph)
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C. sapidus in marsh and mangrove habitats (Johnston and
Caretti 2017). The importance of habitat type for supporting
recruits is illustrated by our observation of small individuals
of some species (e.g., L. xanthurus, B. chrysoura, L. brevis),
whose early life stages rely on marsh habitats, in the zones with
few or no mangroves in the GTM estuary.

Although we did not measure the slope of the creek bank at
our trawl sites throughout the estuary, we did observe steep,
almost vertical, creek edges in mangrove areas (Electronic
Supplemental Material; Fig. S1), which were also observed
in mangrove habitats in Louisiana (Caudill 2005).
Conversely, salt marsh habitats in the GTM estuary had much
more gradual slopes, characteristic of typical Spartina
alterniflora-dominated marshes on the US Atlantic coast
(e.g., Able et al. 2003). Habitat characteristics such as creek
bank slope or steepness and the elevation of the marsh surface
platform can influence nekton access as well as habitat func-
tion (Able et al. 2003; Allen et al. 2007). This can, in turn,
have effects on nekton abundance and distribution in these
habitats. Nekton move through subtidal and intertidal creeks,
using them as biological and physical corridors, foraging in
them and using them to access inundated marsh surface hab-
itats (e.g., Bretsch and Allen 2006; Able et al. 2012;
Nemerson and Able 2020). The increased marsh surface ele-
vations in mangrove-dominated areas, as compared with
Spartina-dominated marshes (Comeaux et al. 2012), could
result in different inundation periods between the two habitat
types and thus limit nekton access to highly productive surface
habitats. Creeks with gently sloped banks, such as those typ-
ically found in Spartina-dominated marshes, have been re-
ported to support higher nekton use (Allen et al. 2007), pro-
vide better refuges (McIvor and Odum 1988; Hettler 1989),
and facilitate movement between creeks and the marsh surface
(Rozas et al. 1988). Conversely, creeks with steep banks have
been shown to negatively affect fish through increased preda-
tion (McIvor and Odum 1988), which is particularly important
since many of the nekton that utilize intertidal marsh habitats
are common prey for larger transient nekton (Ziegler et al.
2019; Nemerson and Able 2020).

Marsh edges are important estuarine habitats (e.g.,
La Peyre and Birdsong 2008), and structural changes at this
critical creek-marsh surface interface could potentially hinder
nekton access to, and use of, the marsh surface. Some nekton
prefer marsh edge habitats. In Spartina-dominated marshes,
L. rhomboides are usually observed close to the marsh edge
(Hettler 1989; Meyer and Posey 2009). Similarly, C. sapidus
juveniles were observed to be most closely associated with
marsh edge habitats and rarely traveled more than 3 m into
the marsh interior in Spartina-dominated habitats (Johnson
and Eggleston 2010). In areas of mangrove encroachment into
marshes, mangroves have been observed initially colonizing
along creeks and then expanding towards the interior marsh
(Whitt et al. 2020). When mangroves begin to sparsely line

creek edges, as they have been doing within the GTM estuary
(Williams et al. 2014), they can negatively impact nekton
species by acting as a physical barrier to entry onto the marsh
surface or even functioning as hotspots for predation on small
fish (Hammerschlag et al. 2010; Smee et al. 2017).

Changes in creek edge habitat as marshes transition toman-
groves may help explain the subtidal nekton assemblage dif-
ferences observed in the GTM estuary. Nekton species that
occur in nearshore subtidal waters and rely on unfettered ac-
cess to intertidal marsh habitats during periods of tidal inun-
dation (e.g., L. xanthurus, B. chrysoura) were associated more
with the northern zones of the GTM estuary where mangroves
were absent or sparse. Conversely, some nekton species may
prefer the steeper and more rigid root structure of mangrove
edge habitats. Mojarras (Eucinostomus spp.) have been ob-
served to favor mangrove over marsh habitats (Johnston and
Gruner 2018). In our study, subtidal nekton assemblages in
the southern zones of the GTM estuary, where mixed and
mangrove-dominated areas are prevalent, were most associat-
ed with two mojarra species, E. argenteus and E. gula.
Similarly, L. rhomboides have been associated with sub-
merged structure in mangroves (Odum and Heald 1972), and
structured habitat in general (Potthoff and Allen 2003); their
distribution and high abundance in the more structurally com-
plex mixed and mangrove-dominated areas (as compared to
Spartina marsh habitats) in the southern zones of the GTM
estuary may reflect this. Nekton species such A. mitchilli,
B. chrysoura, L. xanthurus, L. setiferus, L. brevis, and
M. undulatus that we observed mostly in northern Spartina-
dominated areas of the GTM estuary are typically the most
dominant species occurring in Spartina-dominated estuaries
along the southeastern USAtlantic coast (e.g., Dahlberg 1972;
Kimball et al. 2020).

Although research to date has been primarily limited to
marsh surface habitats within the marsh-mangrove ecotone,
differences in nekton assemblages have been observed in the
marsh-mangrove ecotone along the US Atlantic and Gulf
coasts. In our study, most differences in nekton communities
were associated with fish species, with the exception of
L. setiferus and L. brevis. However, many other studies fo-
cused on the southeastern USA indicated that nekton differ-
ences along marsh-mangrove gradients were largely driven by
crustacean species. Differences in nekton communities in
Texas marshes with and without mangroves were largely at-
t r i bu t ed to abundances o f Palaemone te s spp . ,
Farfantepenaeus aztecus, and Callinectes sapidus (Diskin
and Smee 2017; Smee et al. 2017). Decapod crustaceans like
C. sapidus, F. aztecus, and L. setiferus were most associated
with nekton communities in mangrove habitats in Louisiana,
though fishes were most associated with marsh habitats
(Caudill 2005). Nekton abundances were highest in mixed
habitats in Mississippi, where Palaemonetes spp.,
L. setiferus, andMenidia beryllina contributed most to nekton

1517Estuaries and Coasts  (2021) 44:1508–1520



community differences (Scheffel et al. 2018). In Florida,
C. sapidus were most associated with marshes, penaeid
shrimps and fishes such as mojarras (Eucinostomus spp.)
and gobies were most associated with mangroves (Johnston
and Gruner 2018). These studies show no universal pattern of
habitat association is yet apparent for nekton in marsh surface
habitats transitioning to mangroves.

Mangrove encroachment in areas like the GTM estuary
may alter the function of marsh surface habitats, leading to
potential implications for nekton throughout the estuary.
Laboratory trials with penaeid shrimps (e.g., F. aztecus,
L. setiferus) have demonstrated a preference for Spartina
(Scheffel et al. 2017) and mangrove habitat (Glazner et al.
2020) as refuge in the presence of predation risk, suggesting
that both habitat types have some value as refugia. In other
laboratory trials, C. sapidus preferred Spartina to mangrove
habitat in the presence of predation risk and had the highest
survival rates in Spartina marshes (Johnston and Caretti
2017). In our study, L. setiferus was only found in abundance
in northern salt marsh zones, while C. sapidus was found
throughout the study area with slightly higher abundances in
salt marsh zones. The predation efficiency of nektonic preda-
tors such as Lutjanus griseus and C. sapidus in laboratory
trials was observed to be lower in mangrove habitats, espe-
cially dense mangrove habitats, versus Spartina, with efficien-
cy reduced by as much as 50% in the case of C. sapidus
(Scheffel et al. 2017; Glazner et al. 2020). The increased dif-
ficulty of successfully capturing prey in mangrove habitats
suggests that fish and invertebrate predators experience re-
stricted mobility and may expend more energy foraging in
the more structurally rigid mangrove habitats (Glazner et al.
2020). Habitat-associated impacts on foraging ability can in-
fluence trophic positions for estuarine nekton in marsh and
mangrove habitats (Nelson et al. 2015, 2019). Therefore,
changes associated with marsh surface habitats could impact
food webs and thus nekton communities in other habitats such
as subtidal creeks. These changes could result in the differ-
ences in nekton species distribution and abundance that we
observed in the GTM estuary. Future work specifically exam-
ining trophic dynamics throughout the estuarine habitat mo-
saic in the marsh-mangrove ecotone is needed to better under-
stand any cascading impacts on nekton.

Although nektonic species and their movements among the
interconnected adjacent habitats can make it difficult to direct-
ly associate the observed differences in nekton communities to
habitat type (Armitage et al. in press), the large spatial scale of
our study, with trawl sites approximately 3 km apart, likely
helped reduce the potential impact of movements (ranges) of
subtidal nekton among zones in the GTM estuary. Within
intertidal and subtidal creeks, many of the common estuarine
fishes encountered in the study (e.g., B. chrysoura, L.
xanthurus, L. rhomboides, andM. undulatus) have site fidelity
rates of greater than 70% (Weinstein and O’Neil 1986; Miller

and Able 2002; Potthoff and Allen 2003; Garwood et al.
2019). Likewise, in intertidal and subtidal marsh habitats,
these high site fidelity rates suggest that if food, refuge, or
environmental conditions in a particular place are sufficiently
good for individuals, occupancy, or repeat visitation is encour-
aged over searching for better conditions elsewhere (Garwood
et al. 2019).

Emergent vegetation type in estuaries can influence many
factors, from creek bank slope to predation rates and available
refuge and food resources. Habitat characteristics influenced
by vegetation patterns, in-turn, can influence habitat function
as well as nekton access. The north-south gradient of marsh to
mangrove habitat within the GTM estuary is in continual flux.
The results of this study demonstrate differences in the nekton
community exist along this transition. Because of similar
physiochemical factors throughout the estuary, including at
the most northern and southern sites, nekton assemblage dif-
ferences among zones in the GTM estuary were likely due to
recruitment and habitat selection. Additionally, our results
demonstrate that the subtidal nekton community within the
GTM estuary is dominated by fish species, rather than com-
mercially important crustacean species that dominate nekton
communities in other southeastern estuaries. Future work spe-
cifically examining trophic dynamics throughout the estuarine
habitat mosaic in the marsh-mangrove ecotone is needed to
better understand any cascading impacts on nekton, especially
as mangrove distributions continue to fluctuate.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12237-021-00906-5.
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