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IntroductIon 
Seagrasses, flowering marine plants that live in shallow 

coastal waters worldwide, provide habitat for fish and inverte-
brates. Many economically important fish and shellfish species 
depend on this habitat during critical stages of their life histo-
ries (Williams and Heck 2001, Hughes et al. 2009). Seagrasses 
also play a significant role in the global carbon and nutrient 
cycles (Larkum et al. 2006). They stabilize sediment, maintain 
coastal biodiversity, and provide food for waterfowl, as well as 
endangered mammal and turtle species (Orth et al. 2006, Way-
cott et al. 2009). Seagrasses are particularly vulnerable to hu-
man impacts such as eutrophication and other processes that 
reduce water clarity (Burkholder et al. 2007). The response of 
seagrasses to climate change including increasing temperature, 
sea level rise, CO

2
 concentrations, and precipitation events is 

complex (Harley et al. 2006, Zimmerman 2021). Thus, there is 
a need for baseline information about seagrass productivity.

Seagrasses can serve as indicators of health in estuarine 
and nearshore waters because of their sensitivity to poor water 
quality conditions (Orth et al. 2006). Efforts to improve water 
quality to mitigate seagrass losses have been successful in Flor-
ida estuaries such as Tampa and Sarasota Bays (Tomasko et al. 
2005, Greening et al. 2011). Management efforts to protect or 
restore seagrass habitat often include recommendations to im-
prove environmental conditions that increase light availabil-
ity or create ‘no motor zones’ to reduce destructive activities 
such as propeller scarring from boating (O’Brien et al. 2018). 

Restoration activities by planting seagrass shoots or spreading 
seeds have become increasingly more common (Orth et al. 
2020). Understanding the conditions of existing beds is key 
before restoration occurs since transplantation of seagrass is 
costly and unsuccessful without the appropriate water quality 
(Bayraktarov et al. 2015, Rezek et al. 2019; Valdez et al. 2020). 

Thalassia testudinum Banks & Soland ex Koenig is a tropi-
cal/subtropical marine angiosperm common in the shallow 
waters of the Gulf of Mexico (GOM), ranging from the Florida 
Keys to Mexico. Optimal growth occurs in salinities of 24–35, 
temperatures of 27–30°C, and irradiance at the seagrass cano-
py of at least 18% of surface irradiance (Zieman 1975, Irlandi 
et al. 2002, Lee et al. 2007, Garrote—Moreno et al. 2014, Mc-
Donald et al. 2016). However, survival outside of these ranges 
occurs with wide phenotypic variations (Manuel et al. 2013, 
Garrote—Moreno et al. 2014, McDonald et al. 2016). Thalassia 
testudinum spatial distribution is variable across the northern 
GOM. As the dominant seagrass in the barrier lagoons of St. 
Joseph Bay, Santa Rosa Sound and Big Lagoon, FL, T. testudi-
num occurs as continuous, sometimes monospecific beds near 
the inlet to the GOM in St. Andrew Bay and on shoals (Lanark 
Reef, Dog Island Reef) in St. George Sound (Yarbro and Carl-
son 2016). These areas are euryhaline and receive little fresh-
water directly, resulting in less variation of the environmental 
conditions leading to optimal growth. Thalassia testudinum is 
largely absent from mesohaline regions of the Florida Panhan-
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AbstrAct: Thalassia testudinum often dominates seagrass meadows of the Florida panhandle but few measurements of productivity, bio-
mass, density, turnover or leaf area index in this region have been made. We targeted 5 estuaries located at similar latitudes, 30⁰ ± 0.3⁰N: 
Big Lagoon, Santa Rosa Sound, St. Andrew Bay, St. Joseph Bay, and St. George Sound. This study was one component of a collaborative 
partnership of state and local researchers examining factors preventing recovery in panhandle estuarine areas that had historically contained 
seagrass in the 1940s and 1950s. Measurements were made twice in 2016, once in June and then again in summer or fall, except in 
Santa Rosa Sound where measurements were made 3 times. In the estuaries sampled for the second time in July or August, aboveground 
productivity was greater than in June. St. Joseph Bay had the highest aboveground productivity (4.3 g/m2/d) and 1—sided leaf area index 
(4.2) while St. George Sound had the lowest values (0.41 g/m2/d and 1.0). Principal component analysis suggested that St. Andrew Bay, 
Big Lagoon and Santa Rosa Sound were the most similar, with higher values for shoot densities and leaf turnover and lower salinities and 
watershed:water ratios. St. Joseph Bay had high aboveground productivity and salinity, and low turbidity. St. George Sound had low aboveg-
round productivity, high total suspended solids and the highest watershed:water ratio. These baseline productivity estimates will be useful to 
assess the success of restoration efforts targeting seagrasses in the Florida panhandle and evaluate impacts of climate change on seagrasses.
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FIGURE 1. Map of the loca-
tions of productivity measure-
ments along the northern Gulf 
coast of Florida. BL−Big La-
goon; SRS−Santa Rosa Sound; 
SAB−St. Andrew Bay; SJB−St. 
Joseph Bay; SGS−St. George 
Sound.
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dle in the river—dominated estuaries, including Perdido Bay, 
Escambia Bay, East Bay of Pensacola Bay, Choctawhatchee Bay, 
and Apalachicola Bay. 

Many estuaries of the Florida panhandle have experienced 
large losses of seagrasses over the past 50 years or more (Hand-
ley et al. 2006, Yarbro and Carlson 2016). Following the Deep-
water Horizon oil spill in 2010, agencies had the opportunity 
to improve or restore seagrass beds using penalty funds from 
Natural Resource Damage Assessments and RESTORE Act 
funding (DHNRDAT 2021). A collaborative partnership con-
sisting of state and local researchers across the Florida panhan-
dle was established with a primary object of examining the fac-
tors preventing recovery in panhandle estuarine areas that had 
contained seagrass in the 1940s and 1950s but were currently 
devoid of seagrasses (Florida Fish and Wildlife Conservation 
Commission 2019). Measurements of aboveground produc-
tivity of T. testudinum in 5 estuaries in the Florida panhandle 
where it was the only or dominant seagrass species present were 
one component of this study. Because all the study sites were 
nearly at the same latitude with similar temperature ranges, 
we hypothesized that productivity would not vary significantly 
among estuaries unless there were differences in salinity and 
light availability, 2 key factors influencing T. testudinum growth 
and survival (Lee et al. 2007). Only a few measurements of 
T. testudinum biomass or aboveground production have been 
made in the Florida Panhandle, pre-
dominantly in St. Joseph Bay and St. 
George Sound (Iverson and Bittaker 
1986, Rodriguez and Heck 2021). 
Thus, this study provides key infor-
mation on the spatial variability of T. 
testudinum productivity at its northern 
limit in the northeastern GOM as well 
as baseline information to evaluate 
how climate change such as warming 
temperatures and increased precipita-
tion intensity affect this species.

MAterIAls And Methods
Study areas 
Measurements were made in 5 estu-

aries of similar latitude in the Florida 

panhandle with T. testudinum—dominated meadows (Figure 1). 
These estuaries are aligned from west to east and include Big 
Lagoon, Santa Rosa Sound, St. Andrew Bay, St. Joseph Bay, 
and St. George Sound. Big Lagoon, the smallest and western-
most water body (Table 1), is a barrier lagoon located between 
Perdido and Pensacola Bays. Water exchange with these adja-
cent bays is limited (Livingston 2015). It receives freshwater 
surface runoff from the watershed but has no direct riverine 
source of freshwater. Santa Rosa Sound is also a barrier lagoon 
connected to the Pensacola Bay system at its western end and 
Choctawhatchee Bay at its eastern end. Like Big Lagoon, fresh-
water surface runoff is predominantly from local sources. St. 
Andrew Bay is in the central panhandle with extensive beds 
of T. testudinum and Halodule wrightii. Major freshwater sources 
to this system are Econfina Creek and direct runoff from the 
watershed. St. Joseph Bay is a barrier lagoon east of St. Andrew 
Bay. Seagrass beds in this bay were almost all continuous, mono-
specific beds of T. testudinum. Direct runoff from the watershed 
is the major surface freshwater source in this system. St. George 
Sound is located east of the mouth of the Apalachicola River, 
which has a 53,500 km2 watershed in Florida, Alabama, and 
Georgia (Table 1). Halodule wrightii is the only seagrass species 
in found in small beds in the western sound, but T. testudinum, 
H. wrightii, and Syringodium filiforme are common in the central 
and eastern parts of St. George Sound (Yarbro and Carlson 

TABLE 1. Centroids of latitude and longitude, water and watershed areas, and the ratio of water-
shed area to water area for Florida panhandle estuaries.

Estuary Centroid Water  Watershed Watershed:
  area (km2) area (km2)  water ratio

Big Lagoon1,2 30.32⁰N; -87.37⁰W 13 27 2
Santa Rosa Sound1,2,4 30.37⁰N; -87.02⁰W 101 177 2
St. Andrew Bay3 30.21⁰N; -85.72⁰W 243 2,980 12
St. Joseph Bay1,3 29.78⁰N; -85.35⁰W 170 1,995 12
St. George Sound3 29.78⁰N; -84.71⁰W 550 53,520 97

1Coastal lagoon, isolated from direct riverine discharge
2 Water and watershed area provided by T. Eriksen (pers. comm., University of West Florida)
3 Data from the Northwest Florida Water Management District Surface Water Improvement and Manage-
ment Plans (Northwest Florida Water Management District 2017a, b).
4Water and watershed area are only for western Santa Rosa Sound (west of 86.75 W) where the study 
was conducted
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2016). All systems except St. George Sound have relatively low 
watershed:water area ratios (Table 1). The watershed:water area 
ratio in St. George Sound is 8 times greater than those of St. 
Andrew and St. Joseph Bays and 30 times greater than Big La-
goon or Santa Rosa Sound. 

Environmental conditions 
Salinity and temperature measurements were made using 

a calibrated Eureka Manta—2 model sub2 sonde or a YSI Pro 
Plus multimeter, depending on the group making the measure-
ments. Light profiles were measured using a LI—COR spherical 
quantum sensor in all systems except St. George Sound. Light 
attenuation coefficient, k

d 
was calculated from light profiles as 

 

where I
z
 is irradiance at depth z, I

0
 is surface irradiance and k

d
 

is attenuation coefficient. Grab water samples were collected in 
bottles triple rinsed with site water and kept on ice until analy-
sis for color, turbidity and total suspended solids (TSS). Trip-
licate 60 mL water samples were filtered through GF/F filters 
(nominal pore size 0.7µm) in the field and frozen until analysis 
for chlorophyll a.

Plant measurements 
In each estuary, aboveground productivity of T. testudinum 

was measured at 6 sites at least 2 times in 2016, once in June 
and once later in the growing season. Measurements were made 
3 times in Santa Rosa Sound at 6 sites in June, 2 sites in July 
and 6 sites in September. Late season measurements were made 
in July in St. Andrew Bay, in August in Big Lagoon and St. Jo-
seph Bay, and in October in St. George Sound. Locations were 
selected based on a visual cover survey made in 2014 (Yarbro 
and Carlson 2016) where T. testudinum was the dominant or 
sole species present. At each location, 4 quadrats, 0.2 m on a 
side (0.04 m2), were anchored on the sediment using 0.15 m sod 
staples. Each T. testudinum shoot in the quadrat was punched 
just above the end of the short shoot at the basal meristem with 
a 20—gauge hypodermic needle, following Zieman and Zieman 
(1989). After about 10 days, all seagrass material within the 
quadrat, both above and below the sediment surface, was care-
fully harvested and stored on ice for transport to the laboratory 
for processing. 

In the laboratory, punched shoots were separated from the 
collected materials, and the length, width, and punch translo-
cation distance were measured for each leaf in the shoot, with 
up to 20 punched shoots assessed for each quadrat. The loca-
tion of the hole in the oldest blade was used as the zero or 
reference position against which to measure extension of the 
remaining younger leaves. The oldest blade had the hole near-
est the end of the short shoot and was usually covered with the 
most epiphytes and damaged. The remaining seagrass tissues 
were separated into leaves, roots and rhizomes, and into live 
or dead fractions of each. Tissues were gently rinsed with tap 
water and dried for 5–7 days at a minimum of 50°C and then 
weighed. Productivity was calculated from the dry weights of 
new leaf growth in each quadrat divided by the elapsed time in 

days between punch and harvest and the area of the quadrat 
(0.04 m2).

The total number of shoots, both live and dead, of each 
species of seagrass in each quadrat was also recorded, as was 
the presence of macroalgae. We measured live biomass (g/m2), 
density of T. testudinum shoots (#/m2), 1—sided leaf area index 
(LAI, unitless), shoot specific leaf growth (SSBG) in cm2/d, leaf 
turnover on a leaf—area basis (%/d), and productivity on a g/
m2/d basis. Species—specific live biomass included above and 
belowground fractions. The LAI of T. testudinum was calculat-
ed by multiplying the mean total leaf area per shoot times the 
number of shoots/m2 calculated for each quadrat. The SSBG 
was calculated by summing the area of new growth (cm2) for 
all the leaves in a shoot divided by the number of days between 
punching and harvesting. Leaf turnover (%/d) was calculated 
by dividing SSBG by the total leaf area of the shoot. Root:shoot 
ratio was calculated by dividing root and rhizome biomass by 
aboveground biomass.

Laboratory analysis 
Chlorophyll a was measured with a methanol extraction 

(Yarbro and Carlson 2018) except in Santa Rosa Sound where 
a 90% acetone extraction was used (Welschmeyer 1994, Pre-
sley and Caffrey 2021). The TSS is a gravimetric estimate of 
the number of particles in the water and was determined us-
ing method 2540 D of Standard Methods for the Examination 
of Water and Wastewater (APHA 1985). Turbidity, which es-
timates light scattering by particles as well as the number of 
particles present, was measured nephelometrically on a Hach 
2100Q turbidimeter using calibrated standards as described in 
Standard Methods for the Examination of Water and Wastewa-
ter (APHA 1985). Color of the water column was determined 
from filtered water samples at 440 nm in a Hitachi U—2900 
spectrophotometer after Kirk (1976) and Gallegos et al. (1990). 

Other data sources
Data collected for this study were supplemented with data 

from the Florida Department of Environmental Protection Im-
paired Waters Rule (https://floridadep.gov/dear/watershed—as-
sessment—section) for St. George Sound and Big Lagoon. Pa-
rameters used included salinity, temperature, TSS, turbidity 
and chlorophyll a. Data were evaluated to ensure they were 
within the normal ranges found at these locations.

Statistical analysis 
We examined correlations among plant parameters: total 

live biomass, shoot density, leaf productivity, LAI, shoot spe-
cific leaf growth and root:shoot ratio. We also examined cor-
relations among environmental variables: salinity, temperature, 
chlorophyll a, turbidity, TSS, color, and k

d
. Correlation analy-

ses were done using R (version 3.6.0) and the GGally package 
(Schloerke et al. 2022) with the Spearman method. A principal 
component analysis was conducted using watershed:water ratio, 
average summer environmental variables (salinity, chlorophyll 
a, TSS, and turbidity) and the average plant metrics (SSBG, leaf 
productivity, LAI, and number of live shoots) for each system. 
Primer Version 7 (Clarke and Gorley 2015) was used for the 
principal component analysis. Data were normalized prior to 
analysis. Means + sd are reported for all measurements.
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I
0

= e—kdz
;            (equation 1)



Yarbro et al.

results 
Environmental data 
Temperature ranged from 24.4°C in May to 36.4 °C in July 

across all systems (Figure 2A). The seasonal pattern in tempera-
ture was similar across all systems. Salinity ranged from 12 to 
35 across all systems with no consistent seasonal differences 
across systems (Figure 2B). Mean salinities were lowest in Santa 
Rosa Sound (21.91 + 2.52) and St. Andrew Bay (22.01 + 4.08) 
(Table 2). Mean salinity was 25.77 + 1.44 in Big Lagoon and was 
highest in St. Joseph Bay (31.47 + 1.32) and St. George Sound 
(31.19 + 3.16; Table 2). Chlorophyll a concentrations ranged 
from 0.36 to 15.22 µg/L with the highest reported value in 
St. Andrew Bay. However, Big Lagoon had the highest mean 
chlorophyll a value and Santa Rosa Sound had the lowest while 
levels were similar across St. Andrew Bay, St. Joseph Bay and 
St. George Sound (Table 2). Color was highest in St. Andrew 

Bay and was negatively correlated with salinity (r = —0.70, p < 
0.001). Turbidity and TSS were highest in St. George Sound 
and were positively correlated with each other (r = 0.68, p < 
0.001), but only turbidity was negatively correlated with salinity 
(r = —0.34, p < 0.001; Supplemental Figure S1). 

Light attenuation integrates chlorophyll a, color, turbidity, 
and TSS, and each can reduce light availability to seagrasses. 
Mean light attenuation was lowest in Santa Rosa Sound. St. 
Joseph Bay also had low light attenuation. No light attenuation 
measurements were made in St. George Sound. Salinity and 
light attenuation from the other 4 systems were negatively cor-
related (r = —0.45, p < 0.001). Light attenuation was positively 
correlated with chlorophyll a (r = 0.69, p < 0.001), color (r = 
0.85, p < 0.001) and turbidity (r = 0.70, p < 0.001; Supplemental 
Figure S1). In St. Andrew Bay and Santa Rosa Sound, where 
light attenuation was measured in more than one season, values 
decreased between spring and fall (Supplemental Figure S2).

Shoot and leaf metrics 
Mean live biomass of T. testudinum (above— and below-

ground) ranged from 175−872 g/m2 for all locations (Table 3). 
Biomass was greatest in St. Andrew Bay, followed by St. Joseph 
Bay, while sites in St. George Sound had the least biomass. Bio-
mass increased between June and later sampling periods in all 
estuaries except St. George Sound. Variability was high among 
quadrats and sites in each estuary. Dead biomass, as a frac-
tion of live biomass, was greatest in Santa Rosa Sound in June 
(0.42) and ranged from 0.04−0.25 for other estuaries and sam-
pling periods. Thalassia testudinum shoot density varied 7—fold 
among estuaries (Table 4). Highest shoot density occurred in 
Santa Rosa Sound and St. Andrew Bay, and the lowest density 
occurred in St. George Sound. In all systems except St. Joseph 
Bay, mean shoot density increased between early and later mea-
surement periods.

While monospecific T. testudinum beds were targeted for this 
study, small amounts of H. wrightii occurred in some quadrats 
in Big Lagoon, Santa Rosa Sound (June only), St. Andrew Bay, 
and St. George Sound (Table 3). However, H. wrightii repre-
sented less than 7% of the biomass from Big Lagoon, Santa 
Rosa Sound and St. Andrew Bay, but between 11 and 35% in 
St. George Sound. In addition, S. filiforme was also present in 
St. George Sound, where it was 19% and 32% of all seagrass 
biomass in June and October, respectively. Mean counts of H. 
wrightii shoots in Big Lagoon were 3,440 + 3,210 in June and 
4,390 + 3,160/m2 in August (Table 4). Variability in shoot counts 
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FIGURE 2. Water quality parameters measured between May and Oc-
tober 2016 in 5 Florida panhandle estuaries. A. Temperature. B. Salinity. 
DISL−Dauphin Island Sea Lab; FSU−Florida State University; FWRI−Florida 
Fish and Wildlife Research Institute; IWR−Florida Department of Environ-
mental Protection Impaired Water Rule; SAB−St. Andrew Bay Resource 
Management Association Inc; UWF−University of West Florida.

A

B

TABLE 2. Mean (± sd) of surface salinity, temperature, light attenuation (Kd), chlorophyll a, color, turbidity and total suspended solids (TSS) 
between June and August 2016 for estuaries in the Florida panhandle where productivity measurements were made. n.d. – no data. 

Estuary Surface Surface Kd/m Chlorophyll a COLOR Turbidity TSS 
 Salinity Temperature °C  µg/L PCU NTU mg/L 

Big Lagoon 25.77 + 1.44 28.45 + 1.33 0.65 + 0.06 6.00 + 1.27 n.d. 1.67 + 0.08 5.00 + 1.00
Santa Rosa Sound 21.91 + 2.52 30.95 + 1.65 0.49 + 0.08 1.26 + 0.65         9.72      1.36 + 0.49 4.95 + 1.81
St. Andrew Bay 22.01 + 4.08 30.05 + 1.18 0.87 + 0.36 4.67 + 3.36 40.56 + 24.48 1.30 + 1.04 2.32 + 1.54
St. Joseph Bay 31.47 + 1.32 30.36 + 1.15 0.56 + 0.31 4.03 + 3.42 6.52 + 4.61 0.94 + 0.63 2.32 + 0.99
St. George Sound 31.19 + 3.16 29.94 + 2.37 n.d. 4.46 + 2.98 14.31 + 6.03 2.68 + 2.65 6.45 + 6.38

https://aquila.usm.edu/cgi/viewcontent.cgi?filename=6&article=1676&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewcontent.cgi?filename=6&article=1676&context=gcr&type=additional&preview_mode=1
https://aquila.usm.edu/cgi/viewcontent.cgi?filename=7&article=1676&context=gcr&type=additional&preview_mode=1
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among sites and quadrats was high (Table 4). Mean counts of 
H. wrightii were lower in Santa Rosa Sound in June and in St. 
George Sound than counts in Big Lagoon. Mean shoot counts 
of S. filiforme in St. George Sound were 414 + 370 and 1,260 + 
513/m2 in June and October, respectively. 

Mean T. testudinum leaf length and width were highest in 
St. Joseph Bay and St. George Sound in the eastern panhandle 
with lower mean values in the estuaries to the west (Table 5). 
The fraction of each leaf that was green (% green) was high 
(81–89%) in Santa Rosa Sound, lowest in St. Andrew Bay in 
July (49%), and similar (60–71%) elsewhere. One—sided LAI 
for T. testudinum was greatest in St. Joseph Bay, where longer 
and wider blades combined with 755–885 shoots/m2 created 
the highest leaf surface area across the estuaries. The lowest 
mean 1—sided LAI was measured in St. George Sound where 
the density of T. testudinum shoots was very low. 

Productivity 
Indices of growth (leaf productivity, SSBG, and turnover on 

a leaf area basis) varied among regions and sampling periods 

(Figure 3). Leaf productivity was also greater during the latter 
sampling periods in all regions, but the variation within the 
sites within a region was also much greater during this time 
(Figure 3A). Sites in St. Joseph Bay had the greatest productiv-
ity during both sampling periods, with means of 2.3 and 5.1 
g/m2/d for June and August, respectively. Sites in St. George 
Sound, just to the east, had the lowest productivity, with means 
of 0.57 and 0.41 g/m2/d for June and October, respectively. 

The growth response of individual shoots to environmental 
conditions (SSBG) ranged from 0.34−0.66 cm2/d in June and 
increased across the panhandle from west to east (Figure 3B). 
Mean SSBG values from the later sampling period were greater 
than June values in all estuaries except Santa Rosa Sound. The 
highest SSBG value, 1.6 cm2/d, occurred in St. Joseph Bay in 
August. Leaf turnover was also greater during the second sam-
pling period, July—September, in all regions but Santa Rosa 
Sound (Figure 3C). Greatest leaf turnover occurred in St. An-
drew Bay in July. 

Leaf productivity was significantly positively correlated with 

TABLE 3. Mean + sd of live seagrass biomass (above- and belowground) harvested from quadrats in 5 estuaries from the Florida 
panhandle during productivity measurements. N−number of quadrats; Dead/Live−weight of dead biomass/weight of live biomass.

TABLE 4. Means + sd of seagrass species density harvested from quadrats in 5 estuaries from the Florida panhandle during productivity measure-
ments. N−number of quadrats.

  Live biomass (g/m2)
 Thalassia testudinum Halodule wrightii Syringodium filiforme
Estuary Month Mean + sd. N Dead /live Mean + sd      N Mean + sd. N

Big Lagoon June 366 + 244 23 0.10 26.8 + 31.1 7   
 August 453 + 312 24 0.15 0.91 + 0.58 6   
Santa Rosa Sound June 261 + 170 24 0.42 18.9 + 15.5 2   
 July 373 + 122 7       
 September 625 + 164 24 0.14      
St. Andrew Bay June 867 + 622 24 0.25 31.8 + 31.3 8   
 July 872 + 406 24 0.04 31.0 + 43.5 16   
St. Joseph Bay June 759 + 405 23 0.16      
 August 778 + 369 24 0.21      
St. George Sound June 268 + 175 23 0.05 43.7 + 29.5 5 73.5 + 58.3 17
  October 175 + 166 24 0.16 186 + 210 7 173 + 120 19

  Live Shoots (#/m2)
 Thalassia testudinum Halodule wrightii Syringodium filiforme
Estuary Month Mean + sd. N Mean + sd      N Mean + sd. N

Big Lagoon June 839 + 378 22 3,440 + 3,210 15   
 August 1,090 + 649 23 4,390 + 3,160 22   
Santa Rosa Sound June 984 + 477 24 1,750 + 1,029 3   
 July 1,303 + 533 7      
 September 1,720 + 652 24      
St. Andrew Bay June 1,130 + 345 24      
 July 1,280 + 330 24      
St. Joseph Bay June 885 + 382 23      
 August 755 + 301 24      
St. George Sound June 229 + 112 20 446 + 422 7 414 + 370 14
 October 253 + 164 24 632 + 736 7 1,260 + 513 20
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T. testudinum shoot density (r = 0.51, p < 0.001), LAI (r = 0.69, 
p < 0.001), and total live biomass (r = 0.51, p < 0.001). While 
SSBG was significantly (p < 0.001) positively correlated with 
leaf productivity, leaf turnover and LAI, the correlation coef-
ficients were < 0.4 (Supplemental Figure S3). Total live biomass 
was significantly positively correlated with LAI (r = 0.53, p < 
0.001) and the root:shoot ratio (r = 0.56, p < 0.001). Principal 
component analysis revealed that the first 2 components ex-
plained 79.5% of the variation in the data (Supplemental Table 
S1). The first principal component explained 49% of the vari-
ability in the data, with the watershed:water ratio, leaf turnover, 
live shoot number and turbidity having the most influence on 
this component (Figure 4). The second component explained 
30.4% of the variability and was dominated by SSBG, leaf pro-
ductivity, LAI and salinity (Figure 4, Supplemental Table S1).
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TABLE 5. Mean + sd of blade length and blade width of T. testudinum shoots and 1-sided leaf area index (LAI) in 5 estuaries from the Florida 
panhandle. % green−mean percent of blade that was green; N−number of quadrats.

 Blade characteristics 1-sided LAI
Estuary Month Length (cm) % Green Width (cm)  N

Big Lagoon June 15 + 7.3 60% 0.40 + 0.08 2.06 + 0.91 22
 August 16 + 8.3 65% 0.41 + 0.07 2.28 + 1.05 23
Santa Rosa Sound June 12 + 6.5 89% 0.36 + 0.07 1.16 + 0.60 24
 July 13 + 6.7 91% 0.43 + 0.08 1.78 + 0.80  7
 September 11 + 6.8 81% 0.38 + 0.07 1.85 + 0.71 24
St. Andrew Bay June 11 + 5.3 69% 0.40 + 0.10 1.87 + 0.53 24
 July 14 + 6.2 49% 0.46 + 0.12 2.30 + 0.54 24
St. Joseph Bay June 18 + 10.5 61% 0.67 + 0.15 4.18 + 2.15 23
 August 25 + 15.4 71% 0.67 + 0.18 4.06 + 1.60 24
St. George Sound June 18 + 12.5 67% 0.62 + 0.16 1.18 + 0.63 20
  October 21 + 14.3 68% 0.67 + 0.15 1.04 + 0.47 24

FIGURE 4. Principal Component Analysis showing differences among 5 
Florida panhandle estuaries based on mean environmental data and T. tes-
tudinum metrics. SSBG−shoot specific blade growth; LAI−leaf area index; 
PP−blade productivity; Chla−chlorophyll a; TSS−total suspended solids.

FIGURE 3. Box plots of T. testudinum productivity between June and Octo-
ber 2016 in 5 Florida panhandle estuaries. A. Aboveground productivity 
(g/m2/d). B. Shoot specific blade growth (SSBG). C. Blade turnover (%/d). 
Solid line−median; box−Interquartile range; vertical lines−highest and low-
est values excluding outliers; dots−outliers.

A

B

C

https://aquila.usm.edu/cgi/viewcontent.cgi?filename=8&article=1676&context=gcr&type=additional&preview_mode=1
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dIscussIon 
This study was the first effort to compare the biomass, shoot 

density, and leaf productivity of T. testudinum across the 5 es-
tuaries of the Florida panhandle where T. testudinum can be 
found. Thalassia testudinum biomass estimates were in the low 
to middle range of values measured in the Caribbean Sea (Cor-
tes et al. 2019, van Tussenbroek et al. 2014) and the Laguna 
Madre, TX (Kaldy and Dunton 2000), but were similar to val-
ues measured in Florida Bay (Herbert and Fourqurean 2009), 
East Flats, TX (Darnell and Dunton 2016), and Tobago (Juman 
2005). The SSBG was higher in our study than in the eastern 
GOM near Homosassa, FL (Barry et al. 2018).

Leaf turnover in June in Big Lagoon, St. Joseph Bay and 
St. George Sound was similar to June values from Rabbit Key 
in Florida Bay (Frankovich and Zieman 2005). However, leaf 
turnover from later in the growing season in this study was 
considerably greater than comparable months from Florida 
Bay (Frankovich and Zieman 2005). Productivity values were 
consistent with other summer measurements from St. Joseph 
Bay where July productivity was 3.34 g/m2/d (Roderiguez and 
Heck 2021). Daily growing season productivity has been re-
ported in Tobago (Juman 2005) and the Laguna Madre, TX 
(Kaldy and Dunton 2000), and rates are similar to estimates 
from this study. Productivity in panhandle T. testudinum beds 
likely declines outside of the growing season due to lower water 
temperatures and diminished light availability resulting from 
shorter day lengths, lower sun angles, and reduced water clarity 
during the winter and spring high river flow periods. Declining 
growth rates over the growing season were also observed in St. 
Joseph Bay where T. testudinum productivity declined from 1.55 
to 0.66 g/m2/d between fall and winter (Rodriguez and Heck 
2021). 

Mean shoot densities were similar to densities reported in 
other estuaries in the GOM (Tomasko et al. 1996, Kaldy and 
Dunton 2000, Darnell and Dunton 2016, Barry et al. 2018) 
and in coastal regions of the Caribbean Sea (Gallegos et al. 
1993, Herbert and Fourqurean 2009). Lowest shoot densities 
were measured in St. George Sound where sampling sites were 
not monospecific, with H. wrightii and S. filiforme also present. 
Halodule wrightii was also present in quadrats in Big Lagoon, 
Santa Rosa Sound, and St. Andrews Bay, but were not co—
dominant like in St. George Sound. 

Analysis of the possible effects of estuary, sampling period, 
and physical factors, such as salinity and light availability, 
was limited because physical data were not always matched to 
seagrass sampling locations or collected during the same time 
period as productivity measurements. The principal compo-
nent analysis indicates that St. Andrew Bay, Big Lagoon and 
Santa Rosa Sound were the most similar to each other with 
higher values for live shoots and leaf turnover and lower values 
for salinity and watershed:water ratio. St. Joseph Bay had high 
leaf productivity, high salinity and low turbidity. St. George 
Sound had low leaf productivity, high TSS and the highest 
watershed:water ratio. 

All sampling locations were in long—established T. testudi-

num beds (Yarbro and Carlson 2016), but differences among 
the 5 estuaries are apparent. Big Lagoon, Santa Rosa Sound, 
and St. Joseph Bay are coastal lagoons with limited freshwater 
input, whereas St. Andrew Bay and St. George Sound are more 
directly influenced by freshwater discharge (Northwest Florida 
Water Management District 2017a, b). However, productivity 
measures showed little relationship to freshwater input or salin-
ity; the highest productivity occurred in July and August dur-
ing a period of highest temperature, regardless of the location 
of the estuary. Teasing apart temporal patterns is a challenge 
because the later sampling periods varied among estuaries due 
to logistical constraints. Big Lagoon, St. Andrew Bay, and St. 
Joseph Bay were sampled twice in the summer: June and then 
in July or August. All 3 estuaries had higher SSBG, leaf produc-
tivity, and leaf turnover during the second sampling period. 
While these metrics were similar in Santa Rosa Sound in June 
and July, leaf productivity was higher in September than in the 
other 2 months. 

The LAI was less variable between sampling periods than 
other plant metrics. These differences may result from allo-
cation of resources to reproduction in June. While long days 
and warm water temperatures create excellent conditions for 
growth in June, allocation of fixed carbon to flowering struc-
tures might reduce the rate of leaf growth. Thalassia testudinum 
in the GOM most commonly flowers from April through June 
(Durako and Moffler 1987). Kaldy and Dunton (2000) found 
that about 15% of the aboveground biomass of T. testudinum 
was allocated to reproduction in the Laguna Madre, TX. If bio-
mass allocation to reproductive structures occurred primarily 
in May and June, this might contribute to lower productivity 
measures in June compared with those collected later in the 
season.

Several metrics were calculated to estimate biomass and pro-
ductivity, and each metric provided a different assessment of 
growth. The SSBG and leaf turnover metrics provided an esti-
mate of shoot—level productivity, while LAI and blade produc-
tivity provided information on the productivity of the seagrass 
bed. The LAI is less commonly reported but provides informa-
tion about the potential photosynthetic area of leaves and is 
increasingly used to calibrate remotely sensed data (Dierssen 
et al. 2010, Hill et al. 2014, Hedley et al. 2017). Measures of 
biomass and shoot density provided estimates of the standing 
stocks of seagrass tissues. In multi—species meadows, such as 
those in St. George Sound, biomass estimates for all species are 
necessary to provide context for productivity measurements of 
one species. 

Based on productivity and biomass measurements, T. tes-
tudinum was most productive in St. Joseph Bay. Monitoring 
data from 2008 through 2016 (Johnsey et al. 2018) showed 
that T. testudinum was dominant in this bay, often occurring 
in large monospecific beds. In St. George Sound, SSBG was 
highest of all estuaries, except for St. Joseph Bay in August, 
but productivity of T. testudinum in St. George Sound was the 
lowest of all estuaries. While sites in Big Lagoon, Santa Rosa 
Sound, St. Andrew Bay and St. George Sound were selected 
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to be in monospecific T. testudinum beds, other species were 
present. Quadrats in Big Lagoon and Santa Rosa Sound had 
1,750–4,390 shoots/m2 of H. wrightii but had T. testudinum 
shoot densities greater than those measured in St. Joseph Bay, 
where daily productivity and SSBG were greater overall. In St. 
George Sound, T. testudinum shoots had much lower densities 
in other estuaries, and quadrats contained numerous S. fili-
forme and H. wrightii shoots. However, the high rate of SSBG 
might have reflected efforts by T. testudinum shoots to outgrow 
shoots of other species to reach adequate light. Determining 
the effects of competition with other seagrass species on T. tes-
tudinum productivity will require further research by examin-
ing productivity in mixed beds. 

These data on standing stocks and productivity of T. testudi-

num in 5 estuaries of the Florida panhandle provide informa-
tion for estuaries not previously studied. Differences in blade 
productivity, biomass and other plant metrics were generally 
similar among estuaries, with higher values in the clear ma-
rine waters of St. Joseph Bay and lowest values in the relatively 
more turbid waters of St. George Sound. This study at the 
northern extent of the Caribbean basin also puts T. testudinum 
productivity in context with work done across the Caribbean 
region (van Tussenbroek et al. 2014, e.g. Cortes et al. 2019). 
Results provide baseline estimates useful for assessing the suc-
cess of restoration activities targeting T. testudinum beds in the 
region, particularly as climate change in the region leads to 
increased sea level rise, higher temperatures and more extreme 
precipitation events.
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