
Ecological Indicators 156 (2023) 111090

Available online 21 October 2023
1470-160X/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Common ecological indicators identify changes in seagrass condition 
following disturbances in the Gulf of Mexico 

Victoria M. Congdon a,b,*, Margaret O. Hall b, Bradley T. Furman b, Justin E. Campbell c, Michael 
J. Durako d, Kathleen L. Goodin e, Kenneth H. Dunton a 

a University of Texas at Austin Marine Science Institute, 750 Channel View Drive, Port Aransas, TX 78373, USA 
b Florida Fish Wildlife Conservation Commission, Florida Fish and Wildlife Research Institute, 100 Eighth Avenue, Southeast, St. Petersburg, FL 33701, USA 
c Institute of Environment, Coastlines and Oceans Division, Department of Biological Sciences, Florida International University, 11200 SW 8th St., Miami, FL 33199, USA 
d University of North Carolina at Wilmington, Department of Biology and Marine Biology, Center for Marine Science, 5600 Marvin Moss Ln., Wilmington, NC 28409, 
USA 
e NatureServe, Arlington, VA, USA   

A R T I C L E  I N F O   

Keywords: 
Bioindicator 
Morphometric 
Texas 
Florida Bay 
Florida Keys National Marine Sanctuary 
Disturbance 

A B S T R A C T   

Seagrasses are long-lived, clonal plants that can integrate fluctuations in environmental conditions over a range 
of temporal scales, from days to years, and can act as barometers of coastal change. There are many estimated 
seagrass traits and ecosystem parameters that have the potential to reflect ecosystem status, linking seagrass 
condition to natural and anthropogenic drivers of change. We identified five seagrass indicators and seven 
metrics that are suitable, affordable and frequently measured by 38 monitoring programs across the Gulf of 
Mexico (GoM). A specific set of ratings and assessment points were formulated for each measurable metric. We 
determined metric ratings (Acceptable, Concerning, Alarming) and validated assessment points using long-term 
monitoring data from Texas and Florida, coupled with existing literature and input from a panel of seagrass 
biologists. We reported scores using a blue-gray-orange (Acceptable-Concerning-Alarming) scale to summarize 
information in a format accessible to the public, resource managers, stakeholders, and policymakers. Seagrass 
percent cover, shoot allometry and species composition were sensitive indicators of large-scale climatic distur
bances (droughts, hurricanes). Severe drought led to reductions in total seagrass cover and leaf length in Upper 
Laguna Madre, Texas, and Florida Bay; however, Syringodium filiforme was disproportionally affected in Texas 
while Thalassia testudinum beds responded strongly to drought impacts in Florida. Hurricanes Harvey (TX) and 
Irma (FL) also resulted in loss of seagrass cover and diminished leaf length in the Texas Coastal Bend and Florida 
Keys; both storms largely impacted T. testudinum and to a lesser extent, S. filiforme. Many of the metrics within 
these affected bays and basins received either a “Concerning” or “Alarming” rating, driven by the impacts of 
these disturbances. Our proposed indicators serve as a tool to evaluate seagrass condition at the bay or basin 
scale. Moreover, the indicators, metrics, and assessment points are amenable to large-scale evaluations of 
ecosystem condition because they are economically feasible. This framework may provide the foundation for a 
comprehensive assessment of seagrass status and trends across the entire GoM.   

1. Introduction 

Seagrasses are marine flowering plants that form vast underwater 
meadows along coastlines worldwide. They provide food and critical 
habitat for many commercially and recreationally fished species, protect 
coastlines from erosion, mitigate climate change (Costanza et al. 1997; 
Barbier et al. 2011) via carbon uptake and storage (Fourqurean et al., 
2002; Duarte et al. 2013; Marbà et al. 2015), and act as buffers to ocean 

acidification (Hendriks et al. 2014). However, studies estimate seagrass 
loss at 1 to 7 % per year (Waycott et al. 2009; Dunic et al. 2021). Drivers 
of seagrass loss include anthropogenic impacts such as coastal devel
opment, impaired water quality (Orth et al. 2006), and climatic dis
turbances such as marine heatwaves (Marbà and Duarte 2010; Arias- 
Ortiz et al. 2018; Kendrick et al. 2019; Sen Gupta et al. 2020), 
droughts (Hall et al. 2016; Wilson and Dunton 2018) and storms (Gera 
et al. 2014). To reverse trajectories of habitat degradation and loss, 
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resource managers have focused efforts on seagrass conservation. 
Important components of this process include societal awareness, 
strengthened through public outreach and education campaigns, and 
information on ecosystem status and trends informed by long-term and 
often coordinated monitoring programs (Fourqurean et al. 2002; Uns
worth et al. 2018). Yet, spatial and temporal measurements of seagrass 
abundance and distribution remain patchy and, in some regions, scarce. 

Sustained monitoring, coupled with more widespread assessments of 
seagrass condition, can detect seagrass trajectories, and allow imple
mentation of actions to reverse habitat degradation (Unsworth et al. 
2018). As changes in abundance and distribution often signify envi
ronmental perturbations (Orth et al. 2006; Orth et al. 2017), a plethora 
of indicators are used to identify changes in condition and assess sea
grass ecosystem status (Martínez-Crego et al. 2008; Madden et al. 2009; 
van Katwijk et al. 2011; Marbà et al. 2013; McMahon et al. 2013; Collier 
et al. 2016; Roca et al. 2016). However, indicator selection, monitoring 
frequency, and spatial grain (resolution) often differ among programs, 
limiting their applicability for regional assessment (Roca et al. 2016). 
Regardless, the monitoring of seagrass indicators helps us better un
derstand and identify factors that influence seagrass abundance, 
composition, and distribution through time and space (Orth et al. 2017). 
This is becoming increasingly important, particularly in the context of 
extreme disturbances (i.e., marine heatwaves, El Niño–Southern Oscil
lation, storms) which further exacerbate seagrass loss. Unfortunately, 
these types of disturbances have led to large declines in foundation 
seagrass species (Marbà and Duarte 2010; Gera et al. 2014), affecting 
seagrass coverage and diversity in many places throughout the world 
(Arias-Ortiz et al. 2018; Kendrick et al. 2019). 

Seagrass coverage within the Gulf of Mexico (GoM) comprises nearly 
50 % of the total seagrass extent in the U.S. (Green and Short, 2003). 
Previous estimates of seagrass areal extent within the GoM range from 
~17,000–19,000 km2 (Handley et al. 2007). The largest, most contig
uous beds are located along the south Florida and Texas coasts (Men
delssohn et al. 2017). Approximately 94 % of seagrasses in Texas are 
located within the Coastal Bend and Laguna Madre (Dunton et al. 2011), 
and more than 50 % of Florida seagrasses are in south Florida (Yarbro 
and Carlson 2011). Although six species are found in the GoM, the 
dominant species include Thalassia testudinum, Syringodium filiforme and 
Halodule wrightii. T. testudinum and H. wrightii tend to dominate seagrass 
communities in Florida Bay and Texas, respectively. However, all three 
species form mixed assemblages with composition largely dictated by 
water quality and successional state (H. wrightii (pioneer) < S. filiforme 
< T. testudinum (climax); Zieman et al. 1989). 

Exceptional drought conditions plagued much of Texas from 2011 to 
2012 (Seager et al. 2014) and persisted until 2015. South Texas estuaries 
are prone to periods of hypersalinity due to long residence times, min
imal freshwater inputs, and high net evaporation (Solis and Powell 
1999). Wilson and Dunton (2018) identified a significant decline in 
S. filiforme cover due to prolonged hypersalinity (50–70) in Upper 
Laguna Madre from September 2012 to October 2013. In August 2017, 
Hurricane Harvey (a category 4 storm) struck the Coastal Bend, shearing 
blades and removing patches of T. testudinum (Congdon et al. 2019). 
Coincidentally, seagrass meadows in Florida Bay and the Florida Keys 
exhibited the same types of disturbances during a similar timeframe. By 
2015, drought conditions led to hypersalinity (15-year highs, exceeding 
50–60) and bottom-water anoxia which resulted in the loss of 
T. testudinum (Hall et al. 2016; Hall et al. 2021). Shortly after, Hurricane 
Irma crossed the Florida Keys as a category 4 storm in September 2017. 
Wilson et al. (2020) attributed significant decreases in total seagrass 
density to erosion (north of Lower Keys), and low salinities and dis
solved oxygen from storm water runoff (northern coastal basins of 
Florida Bay). 

Although stochastic events are unpredictable, indicators may pro
vide an early warning of seagrass collapse. Changes in plant abundance, 
composition, blade morphology and/or elemental constituents may 
signal a system that is responding to physical or environmental stressors 

that threaten ecological stability and resilience, defined as “the capacity 
to undergo disturbance without permanent loss of key ecological 
structures and functions” (sensu Holling 1973). Studies have shown that 
biochemical and physiological responses such as alterations in the 
expression of stress-related genes (i.e., photosynthetic and carbon 
metabolism) and leaf phenolics (Ceccherelli et al. 2018), and photo
synthesis/respiration (i.e., photosynthetic efficiency (α), chlorophylls a 
and b; Marín-Guirao et al. 2022) presaged seagrass collapse from 
eutrophication, burial or light reduction. Increases in the recovery time 
from local perturbations may signify that an ecosystem is approaching a 
change in community structure (Dakos et al. 2015; van de Leemput et al. 
2018). Additionally, increased variability in plant characteristics (i.e., 
abundance, morphology) may immediately precede a regime shift 
(Brock and Carpenter 2006; Carpenter and Brock 2006; Dakos et al. 
2015). However, some changes in the system-state prior to a transition 
are less conspicuous (Scheffer et al. 2009), making the identification of 
tipping points challenging (Petraitis et al. 2009). 

What indicators help us better understand factors affecting seagrass 
resiliency? Which indicators can be used to evaluate seagrass ecosystem 
status? In 1992, an ecological indicator working group proposed a va
riety of response (e.g., abundance and plant constituents, such as ratios 
of carbon (C), nitrogen (N), phosphorus (P)) and exposure (e.g., light, 
nutrients) indicators for adoption by the Environmental Monitoring and 
Assessment Program (Neckles, 1994). Furthermore, the participants 
recommended that this program increase sampling density, expand the 
sampling spatial footprint, and include permanent stations (Neckles, 
1994); participants also recognized the need for other long-term moni
toring programs to incorporate these recommendations as well. Since 
then, monitoring programs have multiplied across the GoM (see Goodin 
et al. 2018), increasing the breadth and scope of substantial long-term 
data sets. Moreover, there has been a resurgence in efforts to develop 
a Gulf-wide framework for assessing ecosystem condition (Goodin et al. 
2018; Harwell et al. 2019; Handley and Lockwood, 2020), but selecting 
the appropriate indicators, metrics and meaningful quantitative 
thresholds has posed a challenge. To effectively work towards a global 
coordinated effort for assessing seagrass condition, Duffy et al. (2019) 
proposed that monitoring networks identify a core set of common 
metrics, practice comparable sampling methodologies (i.e., field mea
surements) and follow similar study designs using a tiered approach, 
such as those presented in Neckles et al. (2012). 

The monitoring data from long-term programs in Florida and Texas 
provide a unique opportunity to re-examine the question proposed in the 
1992 Indicator Development workshop (Neckles, 1994). Our goal was to 
distill a comprehensive list of indicators into a select set of common 
indicators and metrics at a regional scale. Here, we adopt the opera
tional definition of “an indicator in ecology and environmental planning 
[as] a component or a measure of environmentally relevant phenomena 
used to depict or evaluate environmental conditions or changes, or to set 
environmental goals” (Heink and Kowarik 2010), to which metrics, 
measures and assessment points can be derived and evaluated. We used 
two types of natural disturbances, droughts and hurricanes, that 
impacted seagrass ecosystems in Texas and Florida (Hall et al. 2016; 
Wilson and Dunton 2018; Congdon et al. 2019; Wilson et al. 2020) in 
combination with long-term monitoring data to assess the efficacy of our 
proposed indicators across large spatial scales. Ultimately, we sought to 
identify indicators that were interpretable and best summarized 
ecological condition for environmental managers, stakeholders, and the 
public. 

2. Materials and methods 

To develop a framework for assessing seagrass condition in the GoM, 
NatureServe co-facilitated a workshop with partners from The Nature 
Conservancy, U.S. Geological Survey, Ocean Conservancy, Florida Fish 
and Wildlife Conservation Commission and the University of Texas 
Marine Science Institute on October 12–13, 2016. Seagrass habitats 
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were a subset of a more encompassing project that focused on devel
oping ecological indicators for four additional ecosystems (corals, oys
ters, mangroves, salt marshes) in the GoM (see Goodin et al. 2018 for a 
description of the indicator, metric, and assessment point selection 
process). Ecosystem specialist working groups, consisting of researchers, 
state and federal regulators, and environmental managers, were tasked 
with curating a list of indicators and metrics, including the development 
of a quantitative rating system for assessing the condition of seagrass 
beds. 

2.1. Selection process of indicators, metrics, and measures 

A seagrass working group composed of seven seagrass biologists 
developed a list of 20 potential indicators for seagrass ecosystems, which 
were scored using an evaluation form (adapted from Herrick et al. 2012) 
on the following scale: 1 = minimally effective, 3 = moderately effec
tive, and 5 = extremely effective (Table S1). We also solicited feedback 
from five additional seagrass experts to evaluate the proposed indicators 

using the same scale. The highest performing indicators, i.e., those that 
met the most criteria and could be effectively managed, were deemed 
candidate indicators. For each candidate indicator, we selected a 
quantifiable metric and corresponding measure (see Goodin et al. 2018). 
Measures were actual values collected in the field and used to calculate 
the metrics. For example, nitrogen and phosphorus concentrations were 
considered measures for the metric Nutrient Limitation Index and the 
indicator Nutrient Content. 

Monitoring programs often utilize a hierarchical approach that 
consists of three tiers which vary in the effort, efficacy and cost of data 
collection (Bricker and Ruggiero 1998; Neckles et al. 2012). Tiers 1 and 
2 are rapid assessments that provide information at the mapping and 
meadow scale, respectively (e.g., distribution and extent, broad-scale 
condition). Tier 3 monitoring typically focuses on assessing environ
mental drivers of change, with more frequent sampling intervals and 
metrics (e.g., tissue nutrient stoichiometry or stable isotopic composi
tion), but are often labor/time intensive and reduced in spatial scale. 
Although we attempted to select the most cost-effective, rapid, and 

Table 1 
Description of seagrass monitoring programs in Texas and Florida, including a summary of the indicators and metrics used in this study. Field measurement data were 
acquired from three monitoring programs that implemented the methods presented in Durako et al. 2002 (Fisheries Habitat Assessment Program; FHAP); Fourqurean 
et al. 2002 (Florida Keys National Marine Sanctuary Seagrass Monitoring Program; FKNMS–SMP); Dunton et al. 2011 (Texas Seagrass Monitoring Program; TSMP). 
Zones and basins included in this study are, for the Texas Coast: CB = Coastal Bend; ULM = Upper Laguna Madre; LLM = Lower Laguna Madre; for Florida Bay: JON =
Johnson; RAN = Rankin; RKB = Rabbit Key; TWN = Twin Key; WHP = Whipray; for the Florida Keys: LKB = Lower Keys Bayside; LKO = Lower Keys Oceanside; MKB 
= Middle Keys Bayside; MKO = Middle Keys Oceanside; UKO = Upper Keys Oceanside.  

Disturbance, year, 
location 

Monitoring program Monitoring years 
(reference 
condition) 

Zone/Basin 
(no. of 
stations) 

∑

stations 
Season Indicators 

assessed 
Metrics 
measured 

Case study 

Drought, 2013, Texas Seagrass Monitoring 
Program (TSMP) 

2011 – 2018 CB (138) ULM 
(144) LLM 
(285) 

567 Summer Change in cover Percent cover 
≥ 50 % 

Wilson and 
Dunton, 2018 

Texas Coast   Seagrass species 
composition 

Species 
Dominance 
Index     

Shoot allometry Leaf length     
Nutrient content Nutrient 

Limitation 
Index     

Stable isotope 
ratios 

δ13C, δ15N   

Drought, 2015, Fisheries Habitat Assessment 
Program (FHAP) 

2006 – 2019 JON (30) 152 Spring Change in cover Percent cover 
< 50 % 

Hall et al. 
2016 RAN (30) 

Florida Bay   Seagrass species 
composition 

Species 
Dominance 
Index  

RKB (31)   

TWN (31)  Shoot allometry Leaf length    
WHP (30)  Shoot allometry Leaf width  

Hurricane Harvey, 
2017, 

Texas Seagrass Monitoring 
Program (TSMP) 

2011 – 2018 CB (138) 567 Summer Change in cover Percent cover 
≥ 50 % 

Congdon 
et al. 2019 ULM (144) 

LLM (285) Texas Coast   Seagrass species 
composition 

Species 
Dominance 
Index     

Shoot allometry Leaf length     
Nutrient content Nutrient 

Limitation 
Index     

Stable isotope 
ratios 

δ13C, δ15N  

Hurricane Irma, 
2017, 

Florida Keys National Marine 
Sanctuary Seagrass Monitoring 
Program (FKNMS-SMP) 

1997 – 2019 LKB (6) 37 Summer Change in cover Percent cover 
< 50 % 

Wilson et al. 
2020 LKO (9) 

MKB (6) 
MKO (8) 

Florida Keys 
National Marine 
Sanctuary  

UKO (8)  Seagrass species 
composition 

Species 
Dominance 
Index    

Shoot allometry Leaf length     
Nutrient content Nutrient 

Limitation 
Index     

Stable isotope 
ratios 

δ13C, δ15N   
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widely-monitored indicators and metrics (typically characteristic of 
Tiers 1 and 2), we did not exclude cost-intensive (Tier 3) indicators; we 
felt that the limited number of Tier 3 indicators that are currently 
monitored (only ~8–13 % of programs; see Goodin et al. 2018) high
lighted the need for more widespread adoption by monitoring programs 
throughout the GoM. 

2.2. Development of metric ratings and assessment points 

For each indicator, we constructed a metric rating by deriving a 
quantitative value or range of values, referred to as assessment points 
(Carter and Bennetts 2007). Since these values can vary across land
scapes, we sought to develop a set of quantitative metrics and assess
ment points based on an extensive literature search, knowledge and 
experience from the panelists, and long-term data (Table 1). For each 
metric, we generated individualized ratings which were categorized as 
“Acceptable”, “Concerning” or “Alarming”. To account for regional 
variation among ecosystems, we crafted two sets of metric ratings and 
assessment points for some indicators (e.g., different ratings for areas 
with mean seagrass cover <50 % vs. those with ≥50 % cover). 

2.3. Environmental monitoring and long-term data sets 

For the case studies, we focused on three management areas identi
fied by their respective monitoring programs: Texas Coast (Texas Sea
grass Monitoring Program – TSMP), Florida Bay (Fisheries Habitat 
Assessment Program – FHAP) and Florida Keys (Florida Keys National 
Marine Sanctuary Seagrass Monitoring Program – FKNMS-SMP; Table 1; 
Fig. 1). We acquired seagrass monitoring data from repositories for the 
TSMP (www.texasseagrass.org), FHAP and FKNMS-SMP (http://sea
grass.fiu.edu/data.htm), where all programs follow similar sampling 
methodologies (Durako et al. 2002; Fourqurean et al. 2002; Dunton et al. 
2011; Congdon et al. 2019; Wilson et al. 2020). 

The Texas Coast program (total stations, n = 567) utilized a 
restricted random sampling design that generated one random, fixed 
station within a tessellated hexagon with a 500 m or 750 m edge 
(Dunton et al. 2011; Neckles et al. 2012; Wilson and Dunton 2018; 
Congdon et al. 2019). This differed slightly from Florida Bay (n = 392), 
which also visited one station per tessellated hexagon (258–931 m 
edge), but the station location was randomized annually (Hall et al. 
2016). The Florida Keys program (n = 40) sampled at 10 pre-determined 
random points along a 50-m transect at each station (Wilson et al. 2020), 
where the location of each permanent transect was originally selected 
within a tessellated hexagon using a stratified-random approach. At 
each station, seagrass composition by species was visually quantified 
using 0.25-m2 quadrats to estimate percent cover by direct calculation 
(Texas Coast, n = 4) or Braun-Blanquet scores (Florida Bay, n = 8 and 
Florida Keys, n = 10). Braun-Blanquet scores were converted to ordinal 
transfer values (OTV) of 1–9 using a “combined transformation” which 
is a combination of a cover scale in angular transformation with a 
weighting based on abundance (van der Maarel 1979). Then, OTV was 
converted to percent cover values using the following equation: 

lnC = (OTV − 2)/a (1)  

where OTV is the ordinal transform value, C is the approximate percent 
cover and a is a weighting factor which for this study was equal to 1.380 
(Table 2; van der Maarel 2007; Furman et al. 2018). 

Using the methods of Madden et al. (2009), we determined the 
relative species composition for the dominant species (RSCDOM) by 
dividing the mean percent cover of the dominant species (DDOM) by the 
summed percent cover of all species present at each station, where 
Ruppia maritima (DRm), Halophila engelmannii (DHe), Halodule wrightii 
(DHw), Syringodium filiforme (DSf) or Thalassia testudinum (DTt) is the 
mean cover by species (Eqs. (2) and (3)): 

Fig. 1. Map of the study areas of three long-term monitoring programs in Texas 
and Florida demarcated by red boxes (a). Seagrass distribution on the Texas 
Coast (b), and Florida Bay and Keys (c). Long-term seagrass monitoring pro
grams include the Texas Seagrass Monitoring Program (TSMP), Fisheries 
Habitat Assessment Program (FHAP) and Florida Keys National Marine Sanc
tuary Seagrass Monitoring Program (FKNMS-SMP). Sample stations are denoted 
by either hexagons (Texas Coast, Florida Bay) or black circles (Florida Keys). 
Discontinuous and continuous seagrass cover are shown in light and dark green, 
respectively. We acquired seagrass distribution layers from https://geodata. 
myfwc.com/. Note, source data recorded as presence/absence or patchy 
(<40 % cover) were reclassified as discontinuous. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 2 
Conversion of raw Braun-Blanquet (BB) scores to percent cover using the ordinal 
transform values (OTV) of van der Maarel (1979). See text for description of the 
conversion methods.  

Description BB Score OTV % Cover 

Absent 0 0 0.23 
Single individual present 0.1 1 0.485 
Few individuals, < 5 % cover 0.5 2 1 
Many individuals, < 5 % cover 1 3 2.064 
– – 4 4.26 
5 – 25 % cover 2 5 8.793 
– – 6 18.148 
25 – 50 % cover 3 7 37.457 
50 – 75 % cover 4 8 77.31 
75 – 100 % cover 5 9 159.567  
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RSCDOM =
DDOM

DHw + DSf + DTt
(2)  

RSCDOM =
DDOM

DRm + DHe + DHw + DSf + DTt
(3)  

where the cumulative RSC for each station should sum to 1. We quan
tified Species Dominance Index (SDI) for each station by applying the 
RSC value of the dominant species (RSCDOM; Eqs. (4) and (5)): 

Species Dominance Index (SDI) = 1.5 × (1 − RSCDOM) (4)  

Species Dominance Index (SDI) = 1.25 × (1 − RSCDOM) (5)  

with indices on a 0–1 scale. SDI values closer to 0 indicate dominance by 
a single species and mixed compositions exhibit values near 1. Since 
Florida Bay and Florida Keys programs reported cover measurements for 
only H. wrightii, S. filiforme and T. testudinum, we adapted the equation of 
Madden et al. (2009) to accommodate differences in species data 
collection (Eqs. (2) and (4)). Moreover, we also adjusted this formula for 
the Texas Coast to account for the five species reported in Texas (Eqs. (3) 
and (5)). 

Blade lengths were determined as the photosynthetic portion of the 
longest blade from each random shoot. At each station, 20 shoots were 
measured for each species (T. testudinum, H. wrightii and S. filiforme) on 
the Texas Coast, and ten T. testudinum shoots were measured in Florida 
Bay. In the Florida Keys, blade length of the dominant species 
(T. testudinum, H. wrightii or S. filiforme) was determined within each 
quadrat per station by categorizing measurements into 5-cm increments 
for lengths between 5 and 50 cm. For values that fell outside of this 
range, lengths were classified as 1 cm when less than 5 cm, and 51 cm for 
all measurements exceeding 50 cm. 

Harvested T. testudinum, H. wrightii, and S. filiforme (Florida) shoots 
were placed on ice and returned to their respective laboratories for the 
determination of δ13C, δ15N and N:P ratios (Texas Coast and Florida 
Keys). Briefly, leaves were gently scraped and rinsed in DI or milli-Q 

water to remove all epibiota. Cleaned seagrass tissues were dried to a 
constant weight at 60 ◦C and homogenized by grinding to a fine powder. 
Tissue samples were analyzed for carbon and nitrogen isotopic values 
(δ13C and δ15N, respectively) using an Isotope-Ratio Mass Spectrometer. 
Isotopic ratios (R) were reported in the standard delta notation: 

δ (‰) =
[(

Rsample/Rstandard
) ]

× 1000 (6)  

Carbon and nitrogen content were quantified using a CHN elemental 
analyzer (Fourqurean et al. 2005; Dunton et al. 2011). Phosphorus 
content was determined using a general method that involved oxidation 
and acid hydrolysis as analyzed by the colorimetric methods of Sol
órzano and Sharp (1980). Elemental ratios (C:N:P) were calculated on a 
mole:mole basis, and N:P was inserted into the following equation to 
derive the Nutrient Limitation Index (Campbell and Fourqurean 2009): 

Nutrient Limitation Index (NLI) = 30 − N : P (7)  

where 30 represents the ideal (median) N:P ratio of benthic marine 
macrophytes (Atkinson and Smith 1983). A negative or positive NLI 
value implied P or N limitation, respectively. Additionally, larger indices 
indicated a greater degree of nutrient limitation. 

2.4. Evaluating seagrass condition using indicators and metrics 

Monitoring programs acquired the data from physical measurements 
in the field (measures) such as percent cover, leaf length/width, nutrient 
content and stable isotope ratios. We performed calculations for the 
metrics percent cover (conversion of BB to percent cover using OTV and 
Eq. (1)), Species Dominance Index (Eqs. (2) to (5)) and Nutrient Limi
tation Index (Eq. (7)). Moreover, we determined metric ratings for each 
zone or basin (Fig. 2) using the assessment points (Table 3) and the 
multi-year mean derived from the years of monitoring which served as 
the reference condition. Carter et al. (2022) found that historical data 
were critical factors for identifying and setting desired states so man
agement could make informed decisions on the current condition of 

Fig. 2. Zones and basins incorporated in our analyses include, for the Texas Coast (a): CB = Coastal Bend; ULM = Upper Laguna Madre; LLM = Lower Laguna Madre; 
for Florida Bay (b): JON = Johnson; RAN = Rankin; RKB = Rabbit Key; TWN = Twin Key; WHP = Whipray; for the Florida Keys (c): LKB = Lower Keys Bayside; LKO 
= Lower Keys Oceanside; MKB = Middle Keys Bayside; MKO = Middle Keys Oceanside; UKO = Upper Keys Oceanside. 
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seagrasses. We explored if assessment points were effective regardless of 
species-specific responses by examining measures of total seagrass for 
each metric (i.e., total seagrass cover). Within a basin or zone, we 
assigned a metric rating of “Acceptable” (blue), “Concerning” (gray) or 
“Alarming” (orange) using the designated assessment points for each 
metric. As an example, for the percent cover metric, mean total seagrass 
cover from 2011 to 2018 in the Upper Laguna Madre (ULM) was 72.3 %. 
If cover for any given year ranged between 72.3 % and 90.4 %, or 
exceeded these values, we assigned an “Acceptable” rating. “Concern
ing” occurred when mean cover declined to any value between 72.2 % 
and 54.2 %, and “Alarming” when cover dipped below 54.1 %. 

Because the disturbances occurred shortly after spring and summer 
sampling in Florida, we assessed the impacts from the drought (2015) 
and Hurricane Irma (2017) the following spring (Florida Bay) or sum
mer (Florida Keys) in 2016 and 2018. For the Texas Coast, we evaluated 
the impacts for both events during the drought (2013) and immediately 
following Hurricane Harvey (2017). We visualized multivariate differ
ences across time (before, after, one year) for each disturbance type 
(drought and hurricane) using nonmetric multidimensional scaling in R 
(R Core Team, 2021) to identify shifts in the seagrass community. 

2.5. Selecting seagrass indicators, metrics and assessment points 

Although the seagrass working group identified a total of 10 in
dicators and 12 metrics, we focused on five seagrass-centric indicators 
for this study (Table 3). The five seagrass indicators, commonly 
measured across monitoring programs included: change in cover, sea
grass species composition, shoot allometry, nutrient content, and stable 
carbon and nitrogen isotope ratios. We evaluated five indicators and six 
metrics for the Texas Coast and Florida Keys, and three indicators and 
four metrics for Florida Bay (Table 1). We also derived assessment points 
for each metric (Table 3). 

2.6. Rationale for selecting indicators, metrics and assessment points 

2.6.1. Change in percent cover 
Percent cover is not only an efficient and cost-effective measure of 

seagrass condition, but is also a sensitive, responsive, and accurate 
measure of spatial and temporal changes in seagrass abundance (Four
qurean et al. 2001; Neckles et al. 2012). Assessment points for percent 
cover (Table 3) were separated into two categories (cover ≥50 % and 

cover <50 %) to account for both continuous meadows and regions 
composed of sparser seagrass beds (Zieman et al. 1989; Durako 1994; 
Hall et al. 1999; Fourqurean et al. 2003). We used the minimal detect
able change of a Braun-Blanquet (BB) Cover Abundance scale (25 %) as 
an assessment point for cover ≥50 %; however, when seagrass cover 
dipped below 50 %, assessment points were set to 10 % to detect change 
while maintaining sufficient sensitivity in this commonly collected 
parameter (Braun-Blanquet 1932; Kenworthy et al. 1993). 

2.6.2. Seagrass species composition 
The Species Dominance Index (SDI; Madden et al. 2009) is a measure 

of the degree to which a species dominates a specified location. Since 
productive seagrass beds typically consist of only a few species, 
“Acceptable” ratings were defined by seagrass meadows that remained 
relatively stable or approached greater diversity. Seagrass beds with 
high diversity (genetic and/or multi-species) are likely comprised of 
individual plants that are better equipped to combat disturbances or 
facilitate recovery (Hughes and Stachowicz 2004; Duffy 2006). A region 
that is stable (no change) or increases in diversity is considered 
“Acceptable” whereas decreases in diversity may reflect the loss of a 
species and indicate “Concerning” or “Alarming conditions”. The dif
ference between “Concerning” and “Alarming” assessment ratings cor
responds to the minimal detectable range of a BB score (25 %) (Table 3). 

2.6.3. Shoot allometry 
Generally, low light availability (i.e., shading) eventually results in 

decreased leaf length (Dunton 1994; Gordon et al. 1994; Hall et al. 
1999) and width (Dunton 1994). Conversely, an increase in leaf length 
and width may indicate a shift in nutrient availability such as nitrogen 
enrichment (Powell et al. 1989; Lee and Dunton 2000). Because 
morphological plasticity is variable by species and in response to 
changes in environmental conditions (Ralph et al. 2007; McDonald et al. 
2016), the associated assessment points (changes ≤10 %, 10–25 %, or 
≥25 %; Table 3) were derived from the net extension or reduction in leaf 
length or width. The basis for assessment points was supported by 
fertilization experiments from Lee and Dunton (2000); in fertilized plots, 
T. testudinum leaf width significantly increased (>25 % change), but 
there were no significant differences between treatment and control 
plots when the change in width was less than 10 %. 

Table 3 
Summary of selected indicators, metrics, assessment points and metric ratings proposed for seagrass ecosystems across the Gulf of Mexico (GoM). Seagrass-specific 
indicators in bold and denoted by (*) are presented and assessed within the scope of this paper. Seagrass indicators and metrics were assigned a metric rating 
(Acceptable, Concerning, Alarming) for each year, determined by the magnitude of change (assessment point) relative to the reference condition. Reference conditions 
were calculated using the multi-year mean derived from the years of surveying by the respective monitoring program (Texas Seagrass Monitoring Program – TSMP, 
Fisheries Habitat Assessment Program – FHAP, Florida Keys National Marine Sanctuary – FKNMS-SMP). Note that Phytoplankton Biomass and Change in Cover have 
two metrics associated with both indicators; the different sets of assessment points were derived to account for regional differences in sediment type and density, 
respectively. Additional information on abiotic factors, ecosystem function and ecosystem services are presented in the Ecological Resilience Indicators for Five 
Northern Gulf of Mexico Ecosystems report (Goodin et al. 2018).  
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2.6.4. Nutrient content 
The elemental (C, N, P) and isotopic (δ13C, δ15N) compositions of 

seagrass tissue is related to nutrient availability and environmental 
condition (Atkinson and Smith 1983; Fourqurean et al. 2005; Four
qurean et al., 2007). For seagrasses, tissue N:P ratios approaching 30:1 
indicate nutrient balance (Atkinson and Smith 1983; Duarte 1990; 
Fourqurean and Zieman 2002). However, there is interspecific variation 
in the elemental composition of seagrasses as ratios may vary due to 
differences in life history traits such as growth rates (Campbell and 
Fourqurean 2009). Regardless, the degree of deviation from the ideal N: 
P ratio of 30:1 reflects the extent and type of nutrient limitation. 
Therefore, the Nutrient Limitation Index (NLI; Eq. (7)) can be used to 
ascertain whether a plant, representative of a location and time interval, 
is nutrient limited depending on the sign (+ vs. –) of the index value 
(Campbell and Fourqurean 2009). Response time is size-dependent and 
can range 1.4–28 weeks (Roca et al. 2016). Positive or negative indices 
imply N or P limitation, respectively. Larger index values, those more 
distant from a N:P ratio of 30:1, indicate greater degrees of nutrient 
limitation. Assessment points (ratio change of 0 to ±1, ±1 to 2.5, or ≥
±2.5; Table 3) reflect previous work where N and P enrichment exper
iments failed to alter seagrass cover or productivity at N:P ratios of 31:1 
in T. testudinum (Armitage et al. 2005), suggesting a balance with N and 
P supply and demand (Atkinson and Smith 1983). “Concerning” (±1 to 
2.5) and “Alarming” (≥ ±2.5) assessment points were developed using 
seasonal ranges that occur naturally in seagrass elemental stoichiometry 
in Florida Bay (Fourqurean et al. 2005). Sources of nutrient enrichment 
are often determined in combination with shifts in nitrogen isotopic 
composition. 

2.6.5. Stable isotope ratios 
Stable isotopic signatures are often employed to identify nutrient 

sources in ecosystems (Dawson et al. 2002), and frequently used to 
reconstruct light and water quality conditions that impact seagrass dy
namics. Carbon isotope values (δ13C) are controlled by carbon sources 
and concentrations (Durako and Sackett 1993; Campbell and Four
qurean 2011), irradiance, and temperature (Durako and Hall 1992; 
Grice et al. 1996). Nitrogen isotope values (δ15N) provide information 
regarding the source of dissolved inorganic nitrogen, where enriched 
values have been linked to eutrophic marine ecosystems (McClelland 
et al. 1997). We used the seasonal sinusoidal relationship (Fourqurean 
et al. 2005; Campbell and Fourqurean 2009) to develop assessment 
points for δ13C and δ15N (Table 3) where the amplitude of the sine model 
(~0.5 ‰) was doubled to provide the boundary between “Concerning” 
and “Alarming” ratings. “Acceptable” ratings were assigned when 
changes in δ13C and δ15N were less than the amplitude. Therefore, δ13C 
and δ15N values outside of this range (>1‰ change) likely reflect an 
alteration in the assimilation of carbon and/or nitrogen sources. We 
recognize that physiological differences in carbon acquisition can pro
duce interspecific variation in carbon isotope values of seagrasses 
(Campbell and Fourqurean 2009), but such responses often occur in 
conjunction with changes in elemental ratios. 

3. Results 

3.1. Texas Coast: Drought and Hurricane Harvey 

Much of the state of Texas exhibited prolonged severe/exceptional 
drought conditions from 2011 to 2014 (Seager et al. 2014). Drought can 
lead to high evaporation rates, and reduced rain and riverine inflow, 
resulting in hypersaline waters, which can chronically stress seagrasses. 
Moreover, local geomorphology that restricts water exchange and/or 
upstream hydrologic alterations can further exacerbate hypersaline 

Fig. 3. Ratings were derived using assessment points for each metric across time (before, during and one year after the disturbance) and space (zone or basin) for the 
Texas Coast (a), Florida Bay (b) and Florida Keys National Marine Sanctuary (c). Ratings were assigned as: = “Acceptable”, = “Concerning”, or =

“Alarming”. Metrics included cover (≥50 % or < 50 %), Species Dominance Index (SDI), leaf length, leaf width, Nutrient Limitation Index (NLI) and stable isotope 
ratios (δ13C and δ15N). 
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conditions. Severe drought conditions in Texas were responsible for 
“Concerning” and “Alarming” ratings for 50–67 % of metrics in the 
Upper Laguna Madre (ULM) from 2012 to 2014 (Fig. 3a; Fig. S1a – f). 
These ratings were primarily due to the loss of S. filiforme cover in 
2012–2013 (Wilson and Dunton 2018), which ultimately contributed to 
reductions in leaf length and SDI. The cover metric did not detect this 
loss as it was almost immediately replaced by H. wrightii (Wilson and 
Dunton 2018). Starting 2014, the ULM was assigned an “Alarming” 
rating due to declines in total seagrass cover. Interestingly, there was a 
substantial increase in cover and leaf length in 2012 prior to declining 
conditions in 2013 (Fig. S1a and c). By 2015, cover, leaf length, δ13C and 
δ15N metrics reached “Acceptable” status, while SDI improved from 
“Alarming” to “Concerning” and Nutrient Limitation Index (NLI) 
remained “Alarming”. 

In 2017, we observed changes in seagrass condition in the CB 
following Hurricane Harvey, with 67 % of the metrics assigned as 
“Concerning” (Fig. 3a; Fig. S1a – f). “Concerning” conditions coincided 
with decreases in cover, SDI, and leaf length (Fig. 3a; Fig. S1a – c), and 
slightly more negative δ13C values (Fig. 3a; Fig. S1e). By 2018, cover, 
SDI and leaf length returned to “Acceptable” conditions (Fig. 3a; Fig. S1a 
– c). Although “Concerning” ratings endured in the ULM in 2017, these 
were not directly storm related as Harvey made landfall more than 60 
km away (Congdon et al. 2019). A sharp and progressive decline in 
conditions of Nutrient Limitation Index (NLI), δ13C and δ15N (Fig. S1e 
and f; Fig. 3a) suggest that other environmental stressors were involved, 
such as low light conditions. Despite the Lower Laguna Madre (LLM) 
faring the best of all regions during both disturbances, the drought 
appeared to have had a greater impact with 50 % of the metrics rated as 
“Acceptable” relative to 83 % after the hurricane (Fig. 3a; Fig. S1a – f). 

3.2. Florida Bay: Drought 

Like observations in Texas, drought conditions in Florida preceded 
seagrass losses in the case studies (Florida Bay: Hall et al. 2016; Texas 
Coast: Wilson and Dunton 2018). Western Florida Bay has exhibited 
extensive seagrass die-offs (Robblee et al. 1991; Zieman et al. 1999) and 
regional drought conditions occurred again in 2014–2015 (Hall et al. 
2016; Cole et al. 2018; Johnson et al. 2018; Fredley et al. 2019). Cover 
appeared to consistently respond across basins where we assigned 
metric ratings of “Alarming” for Johnson Key (JON), Rankin Lake 
(RAN), Rabbit Key (RKB), Twin Key (TWN) and Whipray (WHP) before, 
during and/or one year after the drought (Fig. 3b; Fig. S2a). SDI in JON, 
RAN, TWN and WHP reached “Alarming” conditions, and “Concerning” 
at RKB (Fig. 3b; Fig. S2b). “Alarming” and/or “Concerning” conditions 
for leaf length occurred within JON, RAN and RKB before and during the 
drought from leaf lengthening (Fig. 3b; Fig. S2c). Leaf width had the 
greatest proportion of “Acceptable” ratings compared to other metrics, 
with two basins (RAN, WHP) characterized as “Concerning” due to leaf 
narrowing (Fig. 3b; Fig. S2d). We observed peak increases in cover and 
leaf length at JON and RAN in 2015 prior to precipitous declines in 2016 
(Fig. 3b; Fig. S2a and c). 

3.3. Florida Keys: Hurricane Irma 

In 2018, following Hurricane Irma, we detected declines in cover 
(“Alarming”) and leaf length (“Concerning”) for Lower Keys Bayside 
(LKB; Fig. 3c; Fig. S3a and c). Although there were changes in SDI and 
leaf length at Middle Keys Bayside (MKB) and Middle Keys Oceanside 
(MKO), respectively, it was likely not storm related at MKB since cover 
increased and most metrics were assigned as “Acceptable”. For MKO, it 
is possible that “Concerning” and “Alarming” conditions in 2017 exac
erbated the impacts of the storm, which resulted in declines in cover and 
canopy height (Fig. S3a and c). NLI, δ13C and δ15N remained relatively 
unchanged from the previous year for most zones (Fig. 3c; Fig. S3d – f), 
except for NLI at Lower Keys Oceanside (LKO) and LKB, which declined 
to “Alarming” conditions. LKB was most affected by Irma (Wilson et al. 

2020), largely due to declines in leaf length and cover. By 2019, one- 
year after the storm, leaf length recovered to “Acceptable” conditions, 
but cover remained “Alarming” (Fig. 3c). 

4. Discussion 

There is no shortage of seagrass indicators in the literature (Martí
nez-Crego et al. 2008; Madden et al. 2009; Marbà et al. 2013; McMahon 
et al. 2013; Roca et al. 2016; Yang et al. 2018), which at times may 
hinder indicator selection and standardization due to variations in their 
definition, methodology, application, and interpretation across tempo
ral and spatial scales. Even the term “indicator” represents a conceptual 
challenge as it is both frequently used and variously defined in the sci
ence and policy realms. Here, indicator represents an important concept 
in our hierarchical approach to seagrass status assessment. An indicator 
should be a measurable ecosystem feature or process that characterizes 
the condition of an ecosystem. Indicators should consist of an identifi
able metric and measure to assess and monitor condition; where metrics 
are quantified forms of indicators that inform relative condition, while 
measures are the data measured in the field and used to calculate the 
metric. An indicator-based approach has the capacity to provide early 
warnings, particularly when paired with metric ratings and specific 
assessment points. In addition to being relevant to scientists and 
resource managers, indicators should be robust, cost-effective, mini
mally destructive, simple to measure and interpret, and respond in a 
predictable manner (Dale and Beyeler 2001; Kurtz et al. 2001). 

A meta-analysis from Marbà et al. (2013) identified an astonishing 49 
indicators and 51 metrics measured by 42 seagrass monitoring pro
grams. Shortly thereafter, Roca et al. (2016) contributed 85 indicators 
that were primarily composed of biochemical and to a lesser extent, 
morphological and structural measures. These reviews suggest that the 
most challenging aspect of identifying useful indicators is ensuring 
applicability across large spatial scales. The distillation of such 
comprehensive lists is a challenging, yet necessary exercise to identify 
candidate indicators appropriate for long-term monitoring programs 
(Borja et al. 2008). Moreover, it is important to have standardized 
metrics across programs to compare responses, and track status and 
trends at regional scales (Duffy et al. 2019). Ultimately, resource man
agers require indicators and metrics that are simple, robust and provide 
information on ecosystem trajectory and resilience (Unsworth et al. 
2015). 

Based on these criteria, we selected five widely used indicators and 
seven metrics that complement recent synthetic reviews of seagrass 
ecological indicators (e.g., Marbà et al. 2013; Roca et al. 2016), and can 
serve as robust measures of ecosystem stability and resilience. There are 
approximately 38 monitoring programs throughout the GoM and many 
are currently measuring the proposed indicators (see Goodin et al. 
2018). The most universally implemented indicators are abundance and 
plant community structure (79–87 %), followed by water quality 
(32–45 %), and morphology and plant constituents (8–34 %). We 
considered environmental variations among seagrass habitats by 
customizing two sets of metric ratings and assessment points to account 
for regional differences in seagrass meadow landscapes (i.e., dense vs. 
sparse cover). Moreover, our indicators and metrics align with seagrass 
monitoring strategies proposed by Roca et al. (2016) since we blended 
stress-specific indicators with structural indicators; the proposed set of 
indicators can be used to assess seagrass trends, identify drivers of 
change, and evaluate management actions. 

4.1. Evaluation of seagrass condition following natural disturbances 

4.1.1. Structural and morphological indicators 
Our proposed ranges for cover (10–25 % change) detected a response 

to droughts and align with Collier et al. (2020) who set targets using the 
maximum values across 3–4 years of the highest biomass, bounded by 
95 % confidence intervals. Although variations exist in the response 
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times of structural/morphological (longer) and biochemical (shorter) 
indicators, we detected changes in seagrass response using percent cover 
and shoot allometry. In the case of hurricanes Irma and Harvey, the 
mechanical removal of seagrass (Congdon et al. 2019; Wilson et al. 
2020) explained why structural and morphological indicators/metrics 
(cover and leaf length) responded faster than biochemical processes. 

Studies suggest that structural indicators may be inadequate for 
assessing recovery due to their longer response times (McMahon et al. 
2013). Moreover, rates are usually slower for recovery than degradation 
(Roca et al. 2016) and can vary in trajectory depending on time (i.e., <1 
year, 1–5 years, >5 years, etc.) since disturbance (see O’Brien et al. 
2018). Cover and leaf length recovered to pre-hurricane conditions the 
following year in Texas (Fig. 3a, Fig. S1a and c). In contrast, peak cover 
and leaf length, coupled with regional drought, facilitated extensive die- 
offs, delaying recovery (1–4 years) of seagrasses in Texas and Florida 
Bay (Fig. S1a, Fig. S2a). 

4.1.2. Biochemical indicators 
NLI, δ13C and δ15N metrics provide warning signals of environmental 

degradation (Martínez-Crego et al. 2008), however, it is strongly rec
ommended that sampling and data comparisons occur during the same 
season. The values of δ13C and δ15N vary seasonally, peaking in summer 
(Fourqurean et al. 2005), which can result in misinterpretation if sum
mer values were compared to winter values. Fortuitously, we had the 
opportunity to compare data during the same seasons across years, 
documenting decreases in leaf δ13C values within the CB on the Texas 
Coast beginning 2015 (Fig. S1e). These changes suggest a combined 
effect of light limitation and the presence of riverine dissolved inorganic 
carbon (Cuddy 2018) following a major flood event (Reyna et al. 2017). 
Typically, low light conditions cause narrowing of seagrass blades which 
may have increased their vulnerability to mechanical damage (de los 
Santos et al. 2016) from Hurricane Harvey. 

In Texas, the ULM has exhibited declines in seagrass biomass 
resulting from chronic reductions in light availability (e.g., brown tide; 
Dunton 1994). Sharp changes in δ13C and δ15N from 2015 to 2018 
indicated environmental stress via light deprivation reflected in con
current declines of seagrasses in areas of historically continuous 
H. wrightii beds (https://www.texasseagrass.org). A possible explanation 
is that water depth has substantially increased (approximately 30 cm) 
from 2011 to 2020 (V. Congdon, unpublished data), reducing the 
amount of light reaching the benthic plants, particularly those located in 
deeper areas within the lagoon (V. Congdon, personal observation; 
Cuddy and Dunton 2023). This increase in water depth may be a result of 
relative sea level rise (Liu et al. 2020), long residence times due to 
limited exchange, and/or large-scale climatic events (e.g., flooding, 
above average rainfall during El Niño, hurricanes). 

4.1.3. Early warnings and recovery 
Seagrasses within drought-affected basins may reach critical points 

of deteriorating condition when high salinities are coupled with 
seasonally elevated temperatures as noted by Hall et al. (2016) for dense 
beds of T. testudinum in Florida Bay. High temperatures and salinities 
associated with drought conditions often increase oxygen demands in 
the plant and sediments despite reduced oxygen solubility in the water 
column (Borum et al. 2005). By fall, plants downregulate productivity, 
which supplies less internal oxygen, creating an oxygen imbalance; this 
imbalance increases the plant’s susceptibility to sulfide intrusion, lead
ing to decreases in abundance, and then death (Koch et al. 2007; Koch 
et al. 2022). 

Abundance (i.e., cover, biomass, shoot density) and leaf morphology 
may serve as precursors of impending susceptibility to mortality via bed 
overdevelopment (Robblee et al. 1991; Koch et al. 2007). Dense 
meadows exposed to environmental stressors were more vulnerable to 
die-off (Zieman et al. 1999) because of higher respiratory demands 
associated with greater belowground biomass. Generally, increases in 
density are viewed as a positive response, however, Collier et al. (2014) 

demonstrated that shoot proliferation preceded plant mortality in 
response to salinity stress. Although we did not directly measure 
biomass or shoot density, we observed peak increases in T. testudinum 
leaf length (10–25 %) and cover (>10 %) at JON and RAN (Florida) 
prior to precipitous declines. Additionally, “Alarming” SDI ratings pre
ceded collapse, which could indicate reduced resiliency (Fig. S2b). 
Similarly, increases in total seagrass leaf length (10–25 %) and cover 
(~25 %) occurred prior to declines in cover, leaf length and SDI in the 
ULM (Texas; Fig. 3a, Fig. S1a and c). Large changes in leaf length prior to 
cover loss may also serve as an early-warning signal of ecosystem change 
(Brock and Carpenter, 2006; Carpenter and Brock, 2006; Scheffer et al. 
2009). 

In many cases, some seagrass indicators may also have value as in
dicators of recovery. Seagrasses in Texas and Florida appeared to 
rebound quickly (Congdon et al. 2019) or even resist direct damage 
(Wilson et al. 2020) from storms. In the CB (Texas), cover and leaf length 
recovered to pre-disturbance values within a year of Hurricane Harvey 
(Fig. 3a; Fig. S1a and c), as cropped blades likely regenerated where 
belowground biomass remained intact (Congdon et al. 2019). Similarly, 
leaf length conditions improved in affected zones within the Florida 
Keys following Hurricane Irma (Fig. 3c; Fig. S3c). Interestingly, during 
the drought in ULM (Texas), leaf length appeared as a leading indicator, 
followed by changes in SDI, and cover as a trailing indicator. These 
scenarios highlight the differences in the response time of seagrass in
dicators to droughts and hurricanes; conditions may not cause imme
diate mortality pending the plant’s plasticity, physiological tolerances, 
adaptations, and exposure to the disturbance thereby resisting degra
dation. Recent work identifies the trade-off between ecosystem resis
tance and resilience, underscoring the vulnerability of coastal habitats 
(i.e., seagrasses, mangroves) to disturbances (Patrick et al. 2020; Patrick 
et al. 2022). 

Droughts and hurricanes inflicted damage across various spatial and 
temporal scales. In Texas, drought conditions in the ULM caused an 
immediate shift in the seagrass community following the event. One- 
year post-drought, seagrass communities resembled pre-disturbance 
communities (Fig. 4). In Florida Bay, JON and RAN did not return to 
pre-drought conditions and remained in this state for at least one year 
after the disturbance (Fig. 4). Conversely, seagrass communities appear 
to be quite resistant and resilient to hurricanes. In both Florida (LKB) 
and Texas (CB North and South), seagrasses exhibited minor shifts in the 
community after the disturbance (Fig. 5). These findings provide proof- 
of-concept that the indicators, metrics, and assessment points presented 
here are scaled appropriately and allow for the detection of changes and 
recovery within the seagrass community in response to disturbances. 

4.2. Moving forward: Things to consider 

Seagrass morphometrics (i.e., leaf length, leaf width) and community 
structure (i.e., cover, species composition) are highly integrative in
dicators and are effective at tracking environmental degradation as they 
respond to a broad spectrum of stressors (Roca et al. 2016), whereas 
biochemical indicators, such as nutrient content and stable isotope ra
tios, have a greater specificity to a single driver, often shading or nu
trients. Regardless of whether an indicator is structural, morphological, 
or physiological, all can vary in their response time and among species. 
For example, Collier et al. (2012) found that abundance (e.g., shoot 
density and biomass), and leaf length and width took months to respond 
to changes in light availability compared to physiological processes (i.e., 
leaf extension rates or nutrient concentrations) that took days. More
over, Roca et al. (2016) found that shading responses were observed 
within 5–10 weeks for small species but 15–25 weeks for larger species. 
Meadow-scale characteristics (i.e., cover, species composition) respon
ded most consistently across seagrass species, space, and time in com
parison to biochemical indicators (McMahon et al. 2013). 

Differences in the specificity and response times of various indicators 
require monitoring strategies that include measurements of 
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physiological and structural metrics. Although both detect environ
mental drivers of change, biochemical indicators quickly and reliably 
pinpoint a specific stressor whereas structural indicators detect gener
alized degradative processes. Therefore, this overlap affords the op
portunity to detect and identify specific stressors (i.e., δ15N to nutrients 
and light; Martínez-Crego et al. 2008; Lavery et al. 2009). Ideally, 
diverse indicators provide an integrative assessment of seagrass 
ecosystem condition and status. As some indicators have a bi-directional 
response to stressors (e.g., biochemical, morphology), our framework 
allows for the inclusion of such indicators because we consider not only 
the instantaneous value but the change (relative increase and decrease) 
of an indicator/metric. Ultimately, a monitoring framework that blends 
both generic and rapid-response indicators would be advantageous and 
allow management to track a broad range of ecosystem effects. 

The use of long-term data is invaluable and provides important 
context for the natural perturbations that occur within the system. At 
times, it may be necessary to use expert knowledge to adjust targets or 
reference conditions as they are often proxies for more latent, site- 
specific variables. This may also involve decisions regarding data 
exclusion; for example, an acute disturbance may drastically alter the 
community and thus, may not reflect ‘normal’ conditions and desired 
states (Collier et al. 2020). However, these decisions are not without 
implications, and can complicate recommendations for specific in
dicators and syntheses across regions. Additionally, the aggregation of 
data to provide a comprehensive score may mask specific responses. For 
example, report cards are popular tools to distill complex scientific in
formation into a more digestible format for diverse, non-technical au
diences (Harwell et al. 1999; Dennison et al. 2007; Williams et al. 2009; 
Orth et al. 2017; Logan et al. 2020; Carter et al. 2023). Although these 
resources are beneficial to use for the public, the reliance on one or few 

indicators may not accurately reflect the condition of the ecosystem. For 
instance, if some indicators are rated “Acceptable” while others suggest 
“Alarming”, an aggregated score may be misleading if it reflects 
“Acceptable” condition. In this case, the aggregated score reinforces the 
idea that ecosystem conditions are improving despite other indicators 
signaling changes within the ecosystem. Therefore, it would be of great 
value to assess each indicator separately and consider the response times 
of each indicator when evaluating seagrass ecosystem condition. Ulti
mately, it is critically important to ensure ratings are provided for each 
indicator for all types of dissemination strategies so resource managers 
can make well-informed decisions. 

The intrinsic value of indicators is that they can serve as early 
warning signals of environmental perturbations. However, we used in
dicators to detect disturbances after the event transpired. In part, this is 
a result of the disturbance type (hurricane is acute and most likely not 
predictable by seagrasses), in addition to the differences in response 
times of the indicators (i.e., biochemical faster response time than 
structural). Regardless, indicators should have well-documented re
actions to disturbances in a system (Dale and Beyeler 2001). Although 
leading indicators anticipate impending changes in seagrass trajectory, 
the indicators presented here are reliable trailing indicators of distur
bance with the capacity to inform the mechanisms of change. The results 
yielded from this study can provide actionable intelligence to managers 
for future decision making and offer the ability to make predictions 
about recovery potential. A more thorough investigation of leading in
dicators, particularly biochemical and morphological indicators, 
coupled with assessment points and metric ratings, may improve pre
dictions of seagrass loss. Here we assessed data from three long-term 
monitoring programs across the GoM that used different methods, yet 
the proposed indicator framework was able to identify similar effects of 

Fig. 4. nMDS plots showing scaled means of seagrass metrics before, after and one year following the droughts within impacted zones/basins for the Texas Coast and 
Florida Bay (stress < 0.2). The Texas Coast includes Upper Laguna Madre (ULM). Florida Bay basins include Johnson (JON) and Rankin Lake (RAN). Wilson and 
Dunton (2018) and Hall et al. (2016) reported changes in seagrass communities within these zones/basins following drought conditions. 

Fig. 5. nMDS plots showing scaled means of seagrass metrics before, after and one year following the hurricanes within impacted zones for the Texas Coast and 
Florida Keys (stress < 0.2). The Texas Coast includes North and South Coastal Bend (CB). The Florida Key zone includes Lower Key Bayside (LKB). Congdon et al. 
(2019) and Wilson et al. (2020) reported changes in seagrass communities within these zones following the landfall of hurricanes Harvey and Irma, respectively. 
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antecedent conditions and coherent responses to common perturbations. 

5. Conclusions 

Despite a plethora of seagrass indicators (Marbà et al. 2013; 
McMahon et al. 2013; Roca et al. 2016), the selection of criteria to 
evaluate seagrass condition is ultimately a cost-benefit analysis. Tier 1 
(mapping scale) and Tier 2 (ground-based rapid measurements) in
dicators and metrics are relatively cost-effective and produce data that 
are highly replicated; therefore, we recommend that programs incor
porate measurements of areal extent (Tier 1) and percent cover, species 
composition and leaf length (Tier 2). Although Tier 3 indicators are 
more labor intensive, the incorporation of leaf width, elemental content 
and isotope ratios into a monitoring framework is necessary to identify 
the specific stressor(s). Inclusion of structural, morphological, and 
biochemical indicators within a program’s monitoring strategy provides 
an integrated assessment of seagrass ecosystem condition. The frame
work proposed here is flexible and adaptable to optimize targets for 
other regions to meet the needs of resource managers. This methodology 
could be modified to improve the assessment points, indicators, and 
metrics for adoption and implementation across monitoring programs 
within and outside the GoM. Additionally, because seagrasses have not 
yet captured the public imagination (Unsworth et al. 2018, but see: 
Courage 2020), distilling information for a broad audience (i.e., public, 
stakeholders, managers, and policy makers) is imperative to convey 
their importance. For non-technical audiences, report cards may provide 
an effective tool informing on the current state and progress towards 
achieving desired goals (Harwell et al. 1999; Dennison et al. 2007; 
Williams et al. 2009; Orth et al. 2017; Logan et al. 2020; Carter et al. 
2023). 

Since resistance, resilience and recovery are important aspects of 
evaluating ecosystem status, there is great value in assessing how sea
grass ecosystems respond to various disturbances (i.e., rapid, one-year 
recovery, full recovery within 5 years or delayed recovery longer than 
5 years; O’Brien et al. 2018). Chronic levels of low stress may provide 
seagrass meadows with the capacity to recover from more punctuated 
disturbances (Unsworth et al. 2015). However, when exposed to 
stressors at levels beyond their physiological and physical limitations, 
seagrasses can exhibit longer recovery times and reduced resiliency 
(Scheffer et al. 2009; van de Leemput et al. 2018). The capacity to track 
ecosystem response across a range of press and pulse perturbation is 
more important than ever, as an uptick in meteorological disturbances, a 
changing climate, and increasing human pressures are now reshaping 
seagrass ecosystems worldwide (Gera et al. 2014; Nowicki et al. 2017; 
Arias-Ortiz et al. 2018; Kendrick et al. 2019. Conservation efforts require 
reliable connections between drivers of change and specific organismal 
and ecosystem responses to disturbance. For seagrasses, such efforts are 
best achieved through the development of indicators informed by 
standardized metrics and carefully calibrated assessment points that are 
based on rigorous data analysis that connect drivers with response 
variables. 
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