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ABSTRACT 
 
 

 The overarching goal of this dissertation is to operationalize the concept of ecosystem 

services to enhance coastal wetland resilience and resource management and decision making. 

Research herein helps to operationalize ecosystem services for science-based decision making, 

particularly in the context of wetland mitigation and restoration.  

 In the northern Gulf of Mexico, the subtropical black mangrove, Avicennia germinans, is 

expanding its range northward into temperate salt marshes dominated by smooth cordgrass, 

Spartina alterniflora. The northern expansion of mangroves in this region is attributed to 

increasing temperatures and decreases in the frequency and duration of freezes. With a 2°C to 

4°C increase in mean annual minimum temperature, 95-100% of salt marshes in Texas and 

Louisiana could be vulnerable to displacement by mangroves by the year 2100. A shift in 

dominance from salt marsh to mangrove habitat could alter ecosystem functions, affecting the 

supply and resiliency of ecosystem services.  

 A meta-analysis was conducted to examine the variability in carbon storage between 

marshes and mangroves along the northern Gulf of Mexico and to identify data gaps and 

research needs in the region. Data were categorized as aboveground biomass, belowground 

biomass, and soil carbon. There is an abundance of published data on the carbon storage capacity 

of salt marshes in this region. However, there are less data available on the carbon storage 

capacity of mangroves, especially for belowground biomass. Results suggest that all 

compartments of salt marsh carbon storage are significantly different from one another, with the 

majority of carbon stored in soil carbon and belowground biomass, respectively. Due to lack of 

mangrove data, only the soil carbon compartment of salt marshes and mangroves were compared 

and were found to not be significantly different from each other.  
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 Data collected in Texas were extracted from the meta-analysis dataset and applied to a 

case study within the Mission-Aransas National Estuarine Research Reserve, TX. Scenarios were 

developed to assess potential changes in carbon storage assuming a transition from salt marsh- to 

mangrove-dominated habitat. Due to greater carbon storage potential in mangrove aboveground 

biomass, scenarios suggest an increase in aboveground carbon storage capacity, which relates to 

increased storm protection and climate mitigation. Belowground biomass and soil carbon data 

were limited, especially for mangroves, but data available from outside the study area were used 

to make predictions about potential changes within the system. Data gaps and research needs 

were also highlighted as part of this research.  

 A wetland policy assessment was conducted that elucidated the need for enhanced 

wetland compensatory mitigation in Texas. This work provides guidance on potential changes to 

Texas coastal wetland permitting programs for improved protection of coastal wetland functions 

and ecosystem services. Conceptual models were developed that connect the replacement of 

wetland functions to specific ecosystem services. The connection between public interest review 

factors and ecosystem services was also highlighted. Recommendations regarding the need for 

the development of educational materials to assist individuals involved in the compensatory 

mitigation process were provided.  
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Introduction 



 

 2 

I. PURPOSE AND RESEARCH OBJECTIVES  

 The overarching goal of this dissertation is to operationalize the concept of ecosystem 

services to enhance coastal wetland resilience and resource management and decision making. 

Ecosystem services are “conditions and processes through which natural ecosystems, and the 

species that make them up, sustain and fulfill human life” (Daily 1997). Resilience is the ability 

of a system to maintain its structure and function and return to its predisturbance state following 

a major disturbance (Ocean Studies Board, 2013). To operationalize concepts for decision 

making, efforts must be made to move beyond theory and create information that is both useable 

and useful to decision makers (Davidson et al. 2013).  

 Two goals of resilience management are to prevent a system from moving into an 

undesirable state due to external stresses and disturbances and to preserve the adaptive capacity 

of a system (Walker et al. 2002). Resilience management requires an understanding of avenues 

in which resilience can be gained or lost and thresholds past which resilience is lost (Walker et 

al. 2002). Factors that weaken ecosystem resilience include practices that homogenize key 

elements of a system and change pathways of biogeochemical cycles (Gunderson 2010). Factors 

that enhance ecosystem resilience include functional redundancy and increased diversity 

(Gunderson 2010). 

 Understanding how different coastal habitat types supply ecosystem services will help to 

ensure the resilience and sustainability of coastal ecosystems and the communities that depend 

on them. Quantification of ecosystem structure and function (and uncertainty associated with 

these values) is an important step in operationalizing ecosystem services. When the structural 

attributes and functions of habitats are accurately quantified, models can then be developed that 
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relate ecosystem structure and function to the provision of specific ecosystem services of value 

to local stakeholders. 

 Recently, concern regarding the resilience of coastal habitats in the northern Gulf of 

Mexico has emerged due to an expansion of mangrove habitat into areas that were previously 

dominated by salt marsh habitat. Although mangrove and salt marsh species co-occur in the 

northern Gulf of Mexico, in the recent past there has been a notable increase in mangrove 

coverage (Armitage et al. 2015; Perry and Medelssohn 2009). Mangroves are projected to 

continue to expand their range into salt marsh habitat due to increasing winter temperatures 

associated with climate change (Osland et al. 2013; Comeaux et al. 2012; Perry and Medelssohn 

2009). In order to be able to operationalize coastal wetland ecosystem services in the northern 

Gulf of Mexico, we need a better understanding of how salt marshes and mangroves function in 

this region. We also need to understand the policies in place that protect these coastal wetlands 

and their ecosystem services. 

II. STUDY APPROACH AND DISSERTATION ORGANIZATION 

 This dissertation comprises three main chapters. The first two chapters (Chapters II and 

III) focus on quantifying carbon storage at the regional and local scale in an effort to 

operationalize ecosystem services for decision making. The last main chapter (Chapter IV) is an 

assessment of Texas coastal wetland mitigation policy. Chapter IV includes suggestions on how 

to improve the wetland compensatory mitigation process and how to move toward an ecosystem 

services approach to ensure ecosystem resilience. The final chapter summarizes the main 

research findings and provides guidance for future research.  

 Blue carbon refers to carbon stored in vegetated coastal ecosystems such as marshes, 

mangroves, and seagrass beds (Pendleton et al. 2012). Blue carbon comprises three components: 
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1) carbon sequestered on an annual basis, 2) carbon stored in plant biomass and soil organic 

matter, and 3) carbon emitted. Linking carbon storage values to carbon sequestration and 

emission rates allows for an understanding of how the system functions.  

 Conversion of coastal ecosystems can lead to the emission of previously sequestered 

carbon that is stored in plant biomass and in the soil (Pendleton et al. 2012). The release of 

carbon into the atmosphere has climate change implications that are felt worldwide and affects 

the climate change mitigation ecosystem service provided by these coastal habitats. These effects 

can be reversed through carbon mitigation actions such as the restoration of coastal ecosystems, 

which also serves the purpose of enhancing coastal resilience and replacing lost ecosystem 

services. Because of the recognized value of blue carbon, protection and restoration of coastal 

habitats is becoming increasingly relevant to policy and decision making. 

 If blue carbon is to be incorporated into policy and decision making, policy hurdles such 

as the need for regionally specific estimates of carbon sequestration, storage, and emissions from 

coastal habitats need to be overcome (Sutton-Grier and Moore, 2016). Our research documents 

what we know about carbon storage in salt marshes and mangroves in the northern Gulf of 

Mexico and highlights data gaps that need to be filled if dependable estimates are to be used to 

guide future decision making and operationalize blue carbon in the northern Gulf of Mexico. 

Research herein also attempts to operationalize ecosystem services through a blue carbon case 

study in the Mission-Aransas National Estuarine Research Reserve, TX that identifies challenges 

and opportunities for operationalizing blue carbon. 

 Chapter IV of this dissertation addresses how to incorporate ecosystem services into the 

compensatory wetland mitigation process in coastal Texas. According to the National Research 

Council, the goal to increase the quantity and quality of wetlands in the U.S. is not being met 
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(Gardner 2011). Further, evidence suggests that wetland mitigation policy in Texas is not 

effective (Gonzalez et al. 2014; Torres, 2013). This research suggests that there is a lack of 

protection and restoration of coastal wetlands, which threatens the resilience of coastal wetlands 

and the communities that depend on coastal wetland ecosystem services for their livelihood and 

well-being. Because of the evidence that wetlands continue to be lost despite regulations to 

protect them, an ecosystem services approach is suggested as an improved method for wetland 

protection and management. Guidance is also provided for enhancing the compensatory wetland 

mitigation process in Texas. Included below is a brief overview of this dissertation and the main 

chapters included within.  

II.A. Chapter II: Carbon Storage in Coastal Wetlands of the Northern Gulf of Mexico 

 The objective of Chapter II was to compare carbon standing stocks in salt marshes and 

mangroves in the northern Gulf of Mexico states of Texas, Louisiana, Mississippi, Alabama, and 

Florida (excluding the Atlantic coast). This research contributes to our understanding of how 

wetlands function within the northern Gulf of Mexico, and identifies data gaps and research 

needs. This research also helps to operationalize ecosystem services for science-based decision 

making in the Gulf of Mexico region.  

 A meta-analysis of standing carbon stocks of salt marshes and mangroves in the northern 

Gulf of Mexico was conducted. Data were categorized as aboveground biomass, belowground 

biomass, and soil carbon. Outputs of this chapter include a summary of research findings, 

identification of data gaps and research needs, discussion of interesting findings, and 

summarization of current research being conducted to fill data gaps.  

II.B. Chapter III: Operationalizing Blue Carbon in the Mission-Aransas National 

Estuarine Research Reserve, TX: Challenges and Opportunities 
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 Chapter III includes an assessment of potential changes in wetland carbon storage at the 

local level due to climate change-induced habitat distribution alterations. Mangroves are 

considered early indicators of global climate change effects (Evans et al. 2012). In the northern 

Gulf of Mexico, mangroves are projected to expand their range northward due to increasing 

winter temperatures associated with climate change (Osland et al. 2013; Comeaux et al. 2012; 

Perry and Medelssohn 2009). This expansion of mangroves in the northern Gulf of Mexico has 

already been documented by numerous studies (Armitage et al. 2015; Bianchi et al. 2013; 

Comeaux et al. 2012; Raabe et al. 2012; Montagna et al. 2011; Everitt et al. 2010; Perry and 

Mendelssohn 2009) and is expected to continue.  

 The main objectives of this research were to characterize the carbon storage function of 

coastal wetland habitats (salt marshes and mangroves) within the Mission-Aransas NERR, TX 

and to use this knowledge to assess potential changes in the provision of ecosystem services such 

as climate change mitigation and storm protection. In addition to better understanding potential 

change in ecosystem service provision at the local level, this research also addresses 

management concerns and priorities of the Mission-Aransas NERR, including the incorporation 

of ecosystem services into management and decision making, and the inclusion of climate 

change in the research process.  

  In order to characterize the carbon storage function of salt marshes and mangroves 

within the Mission-Aransas NERR, output from the meta-analysis conducted in Chapter II was 

subsampled for data representing Texas locations. Salt marsh and mangrove habitats were then 

mapped and areal extent within the Mission-Aransas NERR was calculated using ArcMap©. 

Scenarios were developed to assess potential changes in carbon storage assuming a change from 

salt marsh- to mangrove-dominated habitat. 
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II.C. Chapter IV: Historical Development of Federal Wetland Policies and Opportunities 

for to Enhance and Incorporate Ecosystem Services into Wetland Compensatory 

Mitigation in the Texas  

 Several major actions in the recent past, including the 2015 Presidential Memorandum, 

the 2013 Interagency Guidelines, and the 2008 Compensatory Mitigation Rule, specifically 

include directives to consider ecosystem services in regulatory decisions. However, in regard to 

wetland mitigation, it has been suggested that ecosystem services are “unlikely to gain policy 

traction without substantial research into the development of efficient and reliable wetland 

ecosystem service assessment methods” (Ruhl et al. 2009).  

 The goal of this research was to provide context and information to better understand the 

opportunities and challenges involved in incorporating ecosystem services into the wetland 

mitigation framework on the Texas coast. Benefits of this type of analysis are the 

recommendation of potential paths forward to achieve policy goals and guidance regarding how 

to incorporate ecosystem services into wetland mitigation. 
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I. INTRODUCTION 

I.A. Mangroves Moving into Salt Marsh Habitat 

 The encroachment of woody vegetation into treeless areas is referred to as densification 

(Williamson et al. 2011). Densification can be observed in the northern Gulf of Mexico, where 

the subtropical black mangrove, Avicennia germinans, is expanding its range northward into 

temperate salt marshes dominated by smooth cordgrass, Spartina alterniflora (Saintilan et al. 

2014; Perry and Mendelssohn 2009). Transitional regions of mangrove densification are called 

salt marsh-mangrove ecotones and represent dynamic and highly productive systems (Osland et 

al. 2014).  

 The expansion of mangroves in the northern Gulf of Mexico region is attributed to 

increasing winter temperatures and decreases in the frequency and duration of freezes (Saintilan 

et al. 2014; Perry and Mendelssohn 2009). Black mangrove populations expand during time 

periods without freezes and when salt marsh vegetation is stressed or dies back (McKee and 

Rooth 2008). With an anticipated 2°C to 4°C increase in mean annual minimum temperature, 95-

100% of salt marshes in Texas and Louisiana could be vulnerable to displacement by mangroves 

by the year 2100 (Osland et al. 2013).  

 A shift in dominance from salt marsh to mangrove habitat could alter ecosystem 

functions such as primary productivity, food web support, and elevation gain rates (Comeaux et 

al. 2012; Caudill 2005). In a recent study conducted in Louisiana, researchers documented that 

elevation was slightly higher in areas where mangroves had expanded in salt marsh habitat 

(Perry and Mendelssohn 2009). This shift in ecosystem functioning could have cascading 

ecosystem effects, affecting the supply and resiliency of ecosystem services, such as climate 

regulation and storm protection. However, there is a large knowledge gap regarding our 
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understanding of the effects of mangrove expansion into salt marsh habitat (Perry and 

Mendelssohn, 2009). 

I.B. Ecosystem Services 

 Ecosystem services have been defined as “conditions and processes through which 

natural ecosystems, and the species that make them up, sustain and fulfill human life” (Daily 

1997). Coastal ecosystems provide disproportionately more ecosystem services than those 

provided by most other natural systems (MEA 2005). Yet, the ecosystem services for coastal and 

marine habitats are poorly quantified (Elliot et al. 2007).  

 The functions and services of different wetland types vary greatly (Hoehn et al. 2003). 

Understanding how different coastal ecosystems, specifically different types of wetlands, supply 

services will help to ensure the resilience and sustainability of coastal communities. 

Quantification of ecosystem functions (and uncertainty associated with these values) as well as 

how these functions relate to specific services is an important step toward the operationalization 

of natural resource management policies. This idea is elucidated by the conceptual model 

developed by Yoskowitz and Russell (2015) in which the relationships between social and 

ecological systems are framed in the context of management and policy decisions.  

 Wetlands have social, environmental, and economic value. Throughout history, coastal 

areas and their resources have been utilized by humans (Lotze et al. 2006). Wetlands provide 

many ecosystem services that humans depend on for their well-being, including water 

availability and purification, fish supply, detoxification of wastes, wave buffering, shoreline 

stabilization, and mitigation of climate change (Hunter et al. 2015; Morgan et al. 2009; 

Bridgham et al. 2006; MEA, 2005; Chmura et al. 2003).  
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 Coastal habitats are highly efficient carbon sinks (Mcleod et al. 2011). The ecosystem 

service of climate regulation is affected by the carbon sequestration and retention capacity of 

plants. Carbon sequestration is defined as the process by which the atmospheric carbon dioxide 

is taken up by plants through photosynthesis and stored as carbon in biomass and soils. The 

carbon sequestration ecosystem service is directly dependent on carbon retention, i.e. the 

accumulation of organic matter in a system. Standing carbon stock provides a snapshot of the 

quantity of carbon accumulated in a system at a given time.  

I.C. Objectives 

 The overarching objective of this research is to compare carbon standing stocks in salt 

marshes and mangroves in the northern Gulf of Mexico. Research herein helps to operationalize 

ecosystem services for science-based decision making in the Gulf of Mexico region by 

contributing to our understanding of how wetlands function within this specific geographic 

region and providing insight into data gaps and research needs. A meta-analysis was conducted 

to examine the variability in carbon storage between marshes and mangroves in the northern 

Gulf of Mexico. Specifically, we addressed the following questions:  

• Do carbon standing stocks differ between mangroves and salt marshes in the northern 

Gulf of Mexico?  

• What is the variability of the carbon stock attributes (aboveground biomass, belowground 

biomass, and soil carbon) in relation to geographical area and dominant plant type? 

• What are the main data gaps in carbon standing stocks for salt marshes and mangroves in 

the northern Gulf of Mexico region?  
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 Our hypotheses are: 1) mangroves have higher carbon storage potential in both 

aboveground and belowground carbon standing stocks than salt marshes, 2) the ratio of 

belowground biomass to aboveground biomass is greater than one for both salt marshes and 

mangroves, and 3) the largest carbon pool for both salt marshes and mangroves is in the soil 

carbon compartment.  

 Because mangroves are made of woody components, they typically have larger standing 

stocks than salt marshes, such as Spartina alterniflora marshes (McKee and Rooth 2008; 

Cebrian, 1999). Lugo et al. (1988) conducted a study of mangroves and salt marshes on a global 

scale and determined that biomass in mangrove-dominated habitat is higher than biomass in salt 

marsh-dominated habitat. The Lugo et al. (1988) study included data from a much larger spatial 

extent than the northern Gulf of Mexico and researchers postulated the difference in biomass 

could be partially influenced by the different temperatures and climates in which the data were 

collected.  

 On a smaller scale, research has shown that mangrove tree height and basal diameter 

decrease with increasing latitude in Mexico, along the central region of the Gulf of Mexico 

(Méndez-Alonzo et al. 2008). Farther north in the northern Gulf of Mexico region, stunted 

mangroves are structurally more like shrubs than trees (Osland et al. 2014). Thus, differences in 

aboveground biomass between salt marshes and mangroves could be less pronounced in the 

northern Gulf of Mexico. At any rate, some mangroves in this region display higher aboveground 

biomass levels than co-occuring marshes in their ecotone (Doughty et al. 2016). 

 We also expected the ratio of belowground biomass to aboveground biomass (i.e. root-

rhizomes to shoot-trunk-branch-leaf ratio) to be greater than one for both salt marshes and 

mangroves in the northern Gulf of Mexico. The root to shoot ratio for salt marshes has been 
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documented to range from 1.4 to 50 (Smith et al. 1979). A root to shoot ratio of 0.17 to 9.8 has 

been documented for mangroves in the Florida everglades (Castaneda 2010).  

 Further, we hypothesized that the largest carbon pool out of aboveground biomass, 

belowground biomass, and soil carbon in northern Gulf of Mexico marshes and mangroves 

would be soil carbon. Although mangroves have the potential to store more aboveground 

biomass than salt marshes, studies have shown that the largest amount of carbon stored in coastal 

habitats is not in the aboveground or belowground biomass, but in the soil carbon (Alongi 2014; 

Sifleet et al. 2011; Bridgham et al. 2006; Alongi et al. 2003). Specifically, Alongi (2014) 

estimated that the soil carbon pool was 75% of the total carbon stock for mangroves and greater 

than 90% for marshes. Thus, quantifying belowground carbon storage is critical to an 

understanding of total carbon storage in wetlands in the northern Gulf of Mexico.  

II. METHODS 

II.A. Study Site and General Approach 

 We conducted a meta-analysis of standing carbon stocks of salt marshes and mangroves 

in the northern Gulf of Mexico states of Texas, Louisiana, Mississippi, Alabama, and Florida 

(excluding the Atlantic coast). Data were categorized as aboveground biomass (AGB), 

belowground biomass (BGB), and soil carbon (SC). AGB is defined as vegetation above the soil 

level and includes leaves, flowers, stems, branches, and trunks. BGB is defined as roots and 

rhizomes, and SC is defined as particulate carbon in the soil. 

 A meta-analysis is a method of quantitative research synthesis and is an improvement 

over qualitative literature reviews (Brander et al. 2006; Lipsey and Wilson 2001; Osenberg et al. 

1999). In addition to statistically combining data from multiple studies, a meta-analysis can be 

used to help inform decision making and identify research gaps (Gómez-Aparicio and Lortie, 
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2014; Koricheva and Gurevitch, 2014). Our meta-analysis is based upon recommendations 

provided by the Cochrane Handbook for Systematic Reviews (Higgins and Green, 2008) and 

Practical Meta-Analysis (Lipsey and Wilson 2001).  

II.B. Literature Search and Search Terms 

 We conducted an exhaustive search of published literature by screening for data relevant 

to targeted habitat types (such as: “wetlands”, “coastal wetlands”, “tidal wetlands”, “marsh”, 

“tidal marsh”, “coastal marsh” and “mangrove”), targeted species types (such as: “Avicennia 

germinans”, “Rhizophora mangle”, “Spartina alterniflora” and “Juncus romerianus”), targeted 

location (such as: “Gulf of Mexico”, “Gulf coast” and the Gulf states), and carbon storage (such 

as: “carbon storage”, “carbon stock”, “soil carbon”, “organic matter”, “biomass”, “aboveground 

biomass” and “belowground biomass”). Relevant publications were set aside and reviewed for 

possible inclusion in the analysis. A number of earlier reviews and meta-analyses were included 

in this analysis. Most of the data included in the meta-analysis were extracted from peer-

reviewed articles. Also included in the meta-analysis were one thesis and one dissertation. Grey 

literature was not included.  

 Reviewed research included publications that focused on ecosystem functions and 

services of wetland habitat types related specifically to carbon cycling (Table 2.1). Topics 

covered included, but were not limited to: the relationship between biodiversity and ecosystem 

functions and services (Balvanera et al. 2006), effects of plant invasion and land use change on 

ecosystem carbon cycling (Don et al. 2011; Liao et al. 2007; Guo and Gifford, 2002), change in 

net primary production in invaded ecosystems (Liao et al. 2007; Lett et al. 2004; Harcombe et al. 

1993) differences between the structure and function of freshwater and saltwater forested 

wetlands (Lugo et al. 1988), impacts of wetland ecosystem goods and services on human welfare 
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(Ghermandi et al. 2007; Brander et al. 2006), carbon cycling and storage in mangrove forests 

worldwide (Alongi 2014), and differences in SC density and carbon sequestration rates between 

marshes and mangroves worldwide (Chmura et al. 2003).  

 The research conducted by Chmura et al. (2003) is most relevant to the work conducted 

in our meta-analysis, which is a regional study that focuses on the northern Gulf of Mexico and 

assesses AGB and BGB of marshes and mangroves in addition to SC. Researchers have 

suggested that carbon storage in temperate ecotonal mangroves, such as the mangroves in the 

northern Gulf of Mexico, may be substantially lower than carbon storage in tropical mangroves 

due to reduced mangrove height at the poleward limits of their range (Doughty et al. 2016; 

Morrisey et al. 2010; McKee and Rooth, 2008). Thus, it is important to assess the differences in 

carbon storage between mangroves at their optimal distribution range and ecotonal poleward 

limit. Our study constitutes the first meta-analysis of carbon storage by mangroves and salt 

marshes in the northern Gulf of Mexico, a region that includes an ecotonal poleward distribution 

limit for mangroves and thus covers a wide range of environmental suitability for mangrove 

growth.  

II.C. Database Structure and Eligibility Criteria 

 In order to be included in the meta-analysis, data had to be directly measured by the 

authors (as opposed to estimated) and studies had to include the following information: sampling 

month(s), study location (U.S. Gulf state and latitude and longitude), ecosystem type (salt marsh 

or mangrove), species present (including dominant species type), ecosystem state (natural or 

restored), ecosystem age, ecosystem property measured (AGB, BGB, SC), and sample size. 
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Table 2.1. Summary of meta-analyses and literature reviews relevant to this study. 
Topic	 Main	Findings	 Author(s)	 Year	
Worldwide	carbon	storage	in	marshes	and	
mangroves	

Average	soil	carbon	density	was	significantly	higher	in	mangroves	than	
marshes,	but	carbon	sequestration	rates	were	not	significantly	
different	between	the	two	habitat	types.	

Chmura	et	al.		 2003	

Worldwide	carbon	cycling	and	storage	in	
mangroves	

Mangroves	have	more	carbon	storage	potential	than	salt	marshes;	
difference	is	driven	by	the	carbon	stored	in	the	soil	

Alongi	 2014	

Global	differences	between	the	structure	and	
function	of	freshwater	and	saltwater	forested	
wetlands	(including	mangroves)	

Structural	complexity	and	rate	of	ecosystem	processes	are	greater	in	
riverine,	fringe,	and	basin	systems,	respectively.	This	is	due,	in	part,	to	
stresses	associated	with	increased	salinity,	which	simplify	ecosystem	
structure	

Lugo	et	al.		 1988	

Effects	of	plant	invasion	on	ecosystem	carbon	
cycles	

Invaded	ecosystems	have	a	slight	increase	in	root	and	soil	carbon	pools	
and	a	more	substantial	increase	in	shoot,	litter,	and	microbe	carbon	
pools;	invasions	by	woody	plants	have	greater	impacts	on	carbon	
cycles	than	herbaceous	plants	

Liao	et	al.		 2007	

Worldwide	effects	of	land-use	change	on	soil	
organic	carbon	stocks		

Native	vegetation	stored	the	highest	amount	of	carbon;	the	highest	
losses	of	soil	carbon	were	observed	when	native	vegetation	was	
converted	to	agricultural	land;	conversion	from	natural	to	managed	(or	
regrown)	forest	resulted	in	a	15%	loss	of	soil	carbon	in	the	top	10cm	of	
soil	and	no	significant	change	below	20cm	depth;	temperature	is	
positively	correlated	with	soil	organic	carbon	loss	

Don	et	al.		 2011	

Relationship	between	biodiversity	and	ecosystem	
functions	and	services	

Biodiversity	has	positive	effects	on	belowground	plant	and	microbial	
biomass,	erosion	control,	pest	control,	regulation	of	invasive	species,	
and	nutrient	cycling	

Balvanera	et	al.		 2006	

Worldwide	wetland	economic	values		 Wetland	value	was	positively	related	to	GDP	per	capita	and	population	
density;	economic	valuation	studies	that	used	the	contingent	valuation	
method	produced	estimates	of	higher	value	than	estimates	derived	
using	other	methodologies;	salt	marshes	were	valued	slightly	higher	
than	mangroves	

Brander	et	al.		 2006	

Impacts	of	wetland	goods	and	services	on	human	
welfare		

Corroborated	findings	from	Brander	et	al.	2006:		water	quality	
improvement	ecosystem	service	is	highly	valued	and	GDP	and	
population	density	are	positively	correlated	with	wetland	value;	
Heavily	impacted	wetlands	were	valued	less	than	more	pristine	
wetlands	

Ghermandi	et	al.		 2007	
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The following information was also tracked in the database: publication author(s), publication 

type, publication year, study start date, study duration, sampling frequency, ecosystem property 

measurement method, and other relevant variables related to the ecosystem properties studied.  

II.D. Data Collection and Extraction 

 For many publications, data were not reported in tabular form. Thus, data had to be 

extracted from figures within the publication. We did this using DataThief 3 software, available 

for free online (http://www.datathief.org/). Also, within many publications, the latitude and 

longitude of the study sites were not provided in written or tabular form. Thus, latitude and 

longitude of those study sites had to be extracted from georeferenced maps using ArcMap© 10.0 

(ESRI, Redlands, CA).  

 In cases for which all of the data needed for analysis could not be obtained from the 

publication, authors were contacted for additional information. If an author was able to provide 

the requested information, their publication was included in analysis. Data most commonly 

requested included information needed to calculate SC values within a specified area (such as: 

soil core diameter, soil core depth, and soil core bulk density), sampling month or year, sampling 

frequency, and data at the site level in a disaggregated form.   

II.E. Data Organization and Standardization 

 Data were organized into AGB, BGB, and SC categories for natural salt marshes and 

mangroves in the northern Gulf of Mexico region. Data for all categories (AGB, BGB, SC) were 

collected in several ways: on a one-time basis (i.e. one single sample), on a one-time basis during 

a time period that targeted peak biomass, and over a time period of approximately a year or 

longer. Mean values were calculated for the one-year (or longer) time period.  
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 Researchers used different metrics to report data in each (AGB, BGB, and SC) category 

(Table 2.2). Thus, data had to be standardized. All data were standardized to grams of carbon per 

square meter. To obtain estimates of carbon storage within biomass and soil organic matter, a 

correction factor of 0.4 was applied to AGB and BGB values and 0.45 to soil organic matter 

values (Cebrian 1999; Schlesinger 1977). 

 
Table 2.2. List of metrics used in primary studies included in this meta-analysis to report data.  
Data	Category	 Metric	1	 Metric	2	 Metric	3	 Metric	4	 Metric	5	
Marsh	AGB		 gC	m-2	 kgC	m-2	 	 	 	
Marsh	BGB		 gC	m-2	 kgC	m-2	 kgC	m-3	 	 	
Mangrove	BGB		 gC	m-2	 	 	 	 	
Marsh	SC	 %C	 %OM	 gC	kg-1	 mgC	g-1	 mgC	cm-3	
Mangrove	SC	 %C	 %OM	 gC	kg-1	 mgOM	g-1	 	

Aboveground biomass (AGB), belowground biomass (BGB), soil carbon (SC) data, organic matter (OM), and carbon (C).  
 
 
 SC data were collected to a minimum depth of 9 cm and a maximum depth of 53 cm. 

Over 86% of the salt marsh SC data, and almost 60% of the mangrove SC data, were collected to 

10 cm depth. Because most SC data were collected to 10 cm depth, all data were standardized to 

10 cm depth. We then assumed a linear distribution of SC between 0 cm and 20 cm and 

standardized all SC data to 20 cm depth (in order to be able to make comparisons between BGB 

and SC data).  

 SC data standardization was the most complicated of the three categories due to the large 

amount of metrics used to quantify SC (Table 2.2) in addition to multiple parameters needed to 

quantify SC. To determine SC, data needed to be collected for three parameters: soil depth, soil 

bulk density and organic carbon concentration (Kauffman and Donato 2012). Calculations for 

standardization of SC data were conducted as follows: 

𝑌 =  %𝐶 ∗  𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗  𝑑𝑒𝑝𝑡ℎ ∗  10,000 /100 

𝑌 =  𝑔𝐶/𝑘𝑔 ∗  𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗  𝑑𝑒𝑝𝑡ℎ ∗  10,000 ∗  0.001 
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𝑌 =  𝑚𝑔𝐶/𝑔 ∗  𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗  𝑑𝑒𝑝𝑡ℎ ∗  10,000 ∗  0.001 

𝑌 =  𝑚𝑔𝐶/𝑐𝑚3 ∗  𝑑𝑒𝑝𝑡ℎ ∗  10,000 ∗  0.001 

𝑌 =  𝑚𝑔𝑂𝑀/𝑔 ∗  𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗  𝑑𝑒𝑝𝑡ℎ ∗  𝑂𝑀𝐶𝐹 ∗ 10,000 ∗ 0.001 

𝑌 =  %𝑂𝑀 ∗  𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗  𝑑𝑒𝑝𝑡ℎ ∗  𝑂𝑀𝐶𝐹 ∗  10,000 /100 

where Y is SC (gC m-2), depth is 20 cm, and OMCF is the Organic Matter Correction Factor to 

convert organic matter to organic carbon (0.45).  

II.F. Subset Analysis and Data Selection 

 All statistical analyses were conducted in JMP® Pro, Version 11 (SAS Institute Inc., 

Cary, NC, USA). Upon standardization, the distribution and variance of all datasets (mean, peak, 

and one-time) within a specified compartment (AGB, BGB, or SC) were compared. The mean, 

median, and interquartile ranges for all combinations of datasets were assessed, as were the 

minimum and maximum. Normality of all datasets was assessed using histograms, normal 

quantile plots with the Shapiro-Wilks test. Homogeneity of variance was assessed using the 

nonparametric O’Brien, Brown Forsythe, Levene, Bartlett, and 2 sided F test.  

 Datasets for each compartment were compared with Kolmogorov Smirnov tests. These  

tests can be used when data do not meet the assumptions of normality or equal variance and are 

fairly robust to outliers. Whenever significant differences were not found when comparing 

datasets for the same compartment, the datasets were pooled in order to increase the statistical 

power of our analysis.  

II.F.1. Aboveground Biomass of Mangroves 

 We were unable to obtain publications of mangrove AGB in the northern Gulf of Mexico 

that met the requirements of acceptance for our meta-analysis (see above). Thus, in an effort 
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towards gathering data that would still allow for acceptable comparisons, we resorted to 

publications and reports that provided estimates of mangrove AGB using allometric equations.  

 Allometric equations establish a relationship between easily measurable metrics and other 

metrics that are much harder to measure (Smith and Whelan 2006). Many allometric equations 

have been developed to estimate the biomass of mangroves across the world. For instance, 

Saenger (2002) lists 43 different allometric equations developed to estimate AGB of single-

stemmed mangroves (Komiyama et al. 2008). Use of allometric equations to estimate biomass is 

most appropriate when applied to the specific species and site for which the equations were 

developed (Komiyama et al. 2008). Thus, we discuss only allometric equations developed for 

mangroves within the northern Gulf of Mexico.  

 Allometric equations developed for mangroves in the northern Gulf of Mexico region 

include equations developed for: stunted mangroves in Louisiana (Osland et al. 2014), stunted 

mangroves in Florida (Coronado-Molina et al. 2004; Ross et al. 2001), fringe mangroves in 

Florida (Ross et al. 2001), tall mangroves and saplings in Florida (Smith and Whelan 2006), and 

seedlings in Florida (Doughty et al. 2016). These allometric equations, and the parameters 

needed as inputs into the equations, are elaborated below.  

 Stunted mangroves found in the northern Gulf of Mexico are structurally more like 

shrubs than trees (Osland et al. 2014). The shrub-like nature of these mangroves is due to 

structural damage caused by freeze events leading to mangrove dieback followed by basal 

resprouting and mangroves regrown with multiple stems (Osland et al. 2014). As a result of 

these structural features, Osland et al. (2014) developed an allometric equation for freeze-

affected black mangroves (up to 1.57 m in height) in the northern Gulf of Mexico using data 

collected near Port Fourchon, Louisiana, which is at the northern range limit of black mangroves 
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(Osland et al. 2014). The allometric equation requires measurements of mangrove crown area 

(which includes crown diameter in two directions) and height. Crown diameter is measured in 

two perpendicular directions, across the widest crown section and at the widest section 

perpendicular to the first section. When an individual has multiple stems, height is measured 

only on the tallest stem.  

 Other allometric equations used to estimate AGB of stunted mangroves were developed 

in Florida by Ross et al. (2001) and Coronado-Molina et al. (2004). The allometric equations 

developed by Coronado-Molina et al. (2004) require measurements of number of prop roots 

and/or crown area, whereas the allometric equations developed by Ross et al. (2001) require 

measurements of height, crown volume and diameter at breast height. The allometric equations 

developed by Coronado-Molina et al. (2004) can be used to estimate AGB of dwarf red 

mangroves (up to 1.6 m in height) in southern Florida. The allometric equations developed by 

Ross et al. (2001) can be used to estimate AGB of fringe and dwarf mangroves (up to 6m in 

height) in southeastern peninsula of Florida. Fringe mangroves grow along protected shorelines 

and islands at elevation higher than mean high tide (Lugo and Snedaker 1974). A separate 

allometric equation was developed by Ross et al. (2001) for Rhizophora mangle, Avicennia 

germinans, and Laguncularia racemosa. 

 The allometric equations developed by Smith and Whelan (2006) can be used to estimate 

AGB of tall mangroves and saplings in the southern tip of Florida, using a measurement of stem 

height. Separate equations were derived for each of the three mangrove species (Rhizophora 

mangle, Avicennia germinans, and Laguncularia racemosa) at the study site. Doughty et al. 

(2016) developed an allometric equation for mangrove seedlings (up to 107 cm tall) along the 
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eastern coast of Florida. The allometric equation developed by Doughty et al. (2016) requires 

measurements of height and basal diameter. Species type was not specified.  

II.F.2. Aboveground Biomass of Salt Marshes 

 Datasets were created for AGB of salt marshes collected on a one-time (AGBo), mean 

(AGBm, covering at least one year), and peak (AGBp) basis (Table 2.3).  

 
Table 2.3. Summary statistics of salt marsh aboveground biomass data. 
Metric	 Mean	 Median	 Q1	 Q3	 Min	 Max	 Outliers	 n	 Outliers	

(g	m-2)	 (g	m-2)	 (g	m-2)	 (g	m-2)	 (g	m-2)	 (g	m-2)	 (#)	 (#)	 (g	m-2)	
AGBm	 1385	 1274	 1044	 1776	 297	 2694	 0	 24	

	

AGBo	 963	 791	 560	 1171	 340	 2300	 3	 45	
2100,	
2178,	
2300	

AGBp	 1237	 1241	 613	 1814	 203	 2194	 0	 16	 	
AGBmp	 1326	 1264	 1009	 1779	 203	 2694	 0	 40	 	

Aboveground biomass-mean (AGBm), aboveground biomass-one time (AGBo), aboveground biomass-peak (AGBp) data, and aboveground 
biomass- mean and peak data combined (AGBmp).  
 
 
 Over 60% of the AGBo data were collected between May and October (Table A.1). Data 

collection during this time period was likely due to the researchers’ attempt to target peak 

biomass. The other months during which AGBo data was collected were December and January. 

Data for AGBo were collected in Texas (58%) and Louisiana (42%). The AGBo data represent 

marshes dominated by Spartina alterniflora (~89%) and Spartina patens (~11%).  

 AGBp data came from publications in which authors did specifically target peak biomass 

or in which the peak value could be extracted from a larger dataset. Most of the AGBp data 

(~94%) were collected between August and October (Table A.1). AGBp data were collected in 

Louisiana (~63%), Texas (25%), and Florida (~13%). The AGBp data represent marshes 

dominated by Spartina alterniflora (~88%), Spartina patens (~6%), and Juncus roemerianus 

(~6%).  
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 All AGBm data were collected on a monthly or quarterly basis, with most (88%) 

collected on a monthly basis. Data for AGBm were collected in Louisiana (71%), Florida (25%) 

and Mississippi (4%). Most data represent salt marsh dominated by Spartina alterniflora (~38%) 

and Juncus roemerianus (~38%).  

 The AGBm, AGBo, and ABGp datasets were evaluated to see if they could be combined 

to create a larger, more robust dataset. The spatial and temporal distribution, variance, and means 

and medians were assessed.  

 The means and medians of the AGBm and AGBo datasets are quite different (Table 2.3). 

The AGBm data is normally distributed (Shapiro-Wilks p value = 0.7899) whereas the AGBo 

data is not (Shapiro-Wilks p value = 0.0003). It appears that the AGBo data is skewed right due 

to the outliers. The variances of the AGBo and AGBm data are assumed equal (p values of 

variance tests range from 0.2759 to 0.4084). Results of the Kolmogorov-Smirnov two sample 

test indicate that the datasets are different (Prob > D = 0.0024).  

 The means and medians of the AGBm and AGBp data are similar. The AGBm data are 

normal (Shapiro-Wilks p value = 0.7899) as are the AGBp data (Shapiro-Wilks p value = 

0.5715). The AGBp data are slightly skewed right, but there are no outliers. The variances of the 

AGBp and AGBm data are assumed equal (p values of variance tests range from 0.7365 to 

0.9446). Kolmogorov-Smirnov two sample tests were run to compare the AGBm and AGBp 

datasets. Results showed that the AGBm dataset is similar to the AGBp dataset (Prob > D = 

0.7990).  

 Based on the assessments described above, it was determined that the AGBm dataset 

could be combined with the AGBp dataset. Thus, we combined these datasets for analysis. The 

data included in the AGBmp dataset are included in Table A.5. 
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II.F.3. Belowground Biomass of Mangroves 

 Minimal data were available for BGB of mangroves in the northern Gulf of Mexico. This 

is possibly due to methodological difficulties associated with obtaining these values (Bouillon et 

al. 2008). Mangrove root biomass can be measured directly with excavation methods such as soil 

core, soil pit, and trench methods (Castañeda-Moya et al. 2011) or estimated with the allometric-

relationship method (Komiyama et al. 2000). We found data from two studies, Castañeda-Moya 

et al. (2011) and Sánchez (2005), both conducted in Florida. Castanñeda-Moya et al. (2011) 

assessed BGB for Rhizophora mangle, and Sánchez (2005) for Rhizophora mangle and 

Avicennia germinans. Due to the limited size of this dataset (n = 14), mangrove BGB was not 

included in the analysis but covered in Section IV.A.  

II.F.4. Belowground Biomass of Salt Marshes 

 Studies reported values for BGB of salt marshes on both a one-time (BGBo) and mean 

basis (BGBm). Reports for BGBm encompassed study periods ranging from eleven months to 3 

years, under varying sampling frequencies (bimonthly, monthly, quarterly). The majority of the 

BGBm data were collected at a frequency of bi-monthly or monthly (Table A.2). All BGB data 

were standardized to 20 cm depth because 20 cm is the depth reported in the literature in which 

most of the living root and rhizome material is concentrated (De La Cruz and Hackney 1977; 

Turner et al. 2004). Further, 20 cm is the depth at which most of the data (~70%) were collected.  

 In order to assess seasonal variability, and to assess whether or not BGBm and BGBo 

datasets could be combined, the BGBo dataset was subdivided and compared to the BGBm 

dataset. Data that were collected during peak biomass season (i.e. winter/early spring) were 

categorized as peak BGB data (BGBp) and data that were collected during the rest of the year 

(between April and September) were categorized as BGBr (Table 2.4).  
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 The mean, variance, and distribution of all BGB datasets were assessed to determine 

whether or not they could be combined with the BGBm dataset. All datasets appeared to be 

normally distributed and BGBo, BGBp, and BGBr were all determined to have equal variance 

and distribution to BGBm dataset (Table 2.5). Thus, we deduced that the spatial variability 

among site locations outweighed the seasonal variability of the data and so the BGBm and BGBo 

datasets were combined into a single dataset (BGBmo). The data included in the BGBmo dataset 

are included in Table A.6. 

 
Table 2.4. Summary statistics of salt marsh belowground biomass data.  
Metric	 Mean	 Median	 Q1	 Q3	 Min	 Max	 Outliers	 n	

(g	m-2)	 (g	m-2)	 (g	m-2)	 (g	m-2)	 (g	m-2)	 (g	m-2)	 (#)	 (#)	
BGBm	 4700	 4637	 4092	 5666	 2318	 6788	 0	 8	
BGBp	 3625	 3408	 1948	 5746	 689	 7042	 0	 14	
BGBr	 3638	 3348	 2328	 5059	 1567	 5800	 0	 11	
BGBo	 3630	 3348	 2134	 5330	 689	 7042	 0	 25	
BGBmo	 3890	 3882	 2323	 5370	 689	 7042	 0	 33	

Belowground biomass data collected on a mean basis (BGBm), Belowground biomass data collected at a time period targeting peak biomass 
(BGBp), Belowground biomass data collected on a one time basis (BGBo), the rest of BGBo data not included in BGBp dataset (BGBr), and 
BGBm and BGBo data combined (BGBmo). 
 

Table 2.5. Results of tests used to determine normality, equal variance, and similarity between 
BGBm dataset and other BGB datasets.  
Dataset	 Goodness	of	Fit	Test	 Equal	Variance	Tests	min	 Equal	Variance	Tests	max	 KS	Test	
BGBp	 0.5391	 0.0963	 0.2524	 0.1303	
BGBr	 0.3645	 0.4219	 0.7501	 0.122	
BGBo	 0.3746	 0.1443	 0.4166	 0.0803	

Belowground biomass data collected on a one time basis (BGBo), Belowground biomass data collected at a time targeting peak biomass (BGBp), 
and the rest of the belowground biomass data not included in BGBp dataset (BGBr). 
 
 
II.F.5. Soil Carbon of Mangroves 

 Studies reported values for SC of mangroves on a one-time (MG_SCo) and mean basis 

(MG_SCm). Most of the data (over 95%) were collected in Florida, with a couple of samples 

collected in Louisiana. The values of the data collected in Louisiana were among the lowest 

values, with values less than 3,200 g m-2 in the top 20 cm of soil. Most of the data for mangrove 

SC represent mangrove habitats dominated by Rhizophora mangle (52%) and Avicennia 
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germinans (19%). A total of 10 samples were included in the MG_SCm dataset and a total of 38 

values were included in the MG_SCo dataset (Table 2.6).  

 The MG_SCm data come from two publications and were collected at a frequency of 

twice per year for a duration of 8 to 30 months. All of the MG_SCm data were collected in 

Florida during January, February, May, and August. Most of the MG_SCm data (70%) were 

collected in Rhizophora mangle dominated habitat.  

 The MG_SCo data come from 8 publications, with most data (over 75%) collected 

between April and July (Table A.3). Approximately 18% of the data were collected between 

November and December (Table A.3). Most of the MG_SCo data (almost 95%) were collected 

in Florida. Almost 50% of the MG_SCo data represent Rhizophora mangle dominated habitat.  

 
Table 2.6. Summary statistics of mangrove soil carbon data.  

Metric	 Mean	 Median	 Q1	 Q3	 Min	 Max	 Outliers	 n	 Outlier	values	
(gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (#)	 (#)	 (gC	m-2)	

MG_SCm	 9086	 9150	 7945	 10385	 5508	 12140	 0	 10	
	

MG_SCo	 6413	 6222	 3916	 8281	 2347	 15116	 1	 38	 15116	
MG_SCo*	 6177	 6146	 3898	 8176	 2347	 11691	 0	 37	

	
Mangrove soil carbon data collected on a mean basis (MG_SCm), Mangrove soil carbon data collected on a one time basis (MG_SCo), and 
Mangrove soil carbon data collected on a one-time basis with outliers removed (MG_SCo*) 
 
 
 The outlier noted in Table 2.6 for data collected on a one time basis (MG_SCo) is from a 

publication by Koch (1997). The publication notes that the site was disturbed by Hurricane 

Andrew in 1992 and was an open canopy site at the time the data were collected. Hurrricanes 

have been documented to deposit more than 10 cm of sediment in a single occurence (Koch 

1997). Thus, the outlier was deleted and the MG_SCo dataset were assessed with the outlier 

removed (MG_SCo*). The MG_SCo dataset was not normally distributed (Shapiro Wilk test p 

value = 0.0378). But when the outlier is removed from the MG_SCo dataset, the MG_SCo* 

dataset is normally distributed (Shapiro Wilk test p value = 0.881).  
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 Tests were run to see if the MG_SCo* and MG_SCm datasets could be combined. The 

spatial and temporal distribution, variance, and means and medians were assessed. The means, 

medians, and interquartile ranges of the two datasets are quite different (Table 2.6). Yet, the 

variances are assumed to be equal based on the tests run (p values of variance tests range from 

0.1861 to 0.3562). A Kolmogorov-Smirnov two sample test was run to compare the datasets. 

Results show that the MG_SCm dataset is different from the MG_SCo* dataset (Prob > D = 

0.0175). We decided to use only the MG_SCo* data for analysis because of the amount of data 

available. The values associated with the MG_SCo* dataset are lower than the values associated 

with the MG_SCm data—making our mangrove SC estimates more conservative.  

 The mangrove SC data in the MG_SCo* dataset come from 8 publications, with most 

data (over 85%) collected between April and July. Approximately 14% of the data were 

collected between November and December. Most of the SCo data (~95%) were collected in 

Florida. Almost 50% of the data represent Rhizophora mangle dominated habitat. The data also 

represent habitat dominated by Avicennia germinans and Laguncularia racemosa, respectively. 

The data included in the MG_SCo* dataset are included in Table A.7.  

II.F.6. Soil Carbon of Salt Marshes 

 The sample size for SC of salt marshes was 44, with 41 of the 44 samples representing 

one-time values (SCo) and the other 3 representing mean values (SCm). Data represented all 

northern Gulf of Mexico states, but were dominated by data collected in Louisiana (77%). Most 

of the data (80%) represent salt marshes dominated by Spartina alterniflora.  

 The SCm data were obtained from a publication by Smith and Osterman (2014) and were 

collected twice per year, in May and October, in Alabama. The SCo data were collected from 11 

publications and in all states except Alabama. SCo data were collected between March and 
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October. Most SCo data were collected in October (~42%) and June (30%). The rest of the SCo 

data were collected in March, and July and September, respectively (Table A.4).  

 There were a large number of outliers (n = 5) in the SCo dataset (Table 2.7). Most of the 

outliers (n = 4) came from the Bryant and Chabreck (1998) publication. The outliers from this 

publication also happen to be the outliers with the highest SC values. The other outlier in the 

SCo dataset was from MacCreadie et al. (2013). The Bryant and Chabreck (1998) data were 

collected from various wildlife refuges in Louisiana, one of which was Sabine Wildlife Refuge. 

SC data from this refuge were also collected by Edwards and Proffitt (2003) and Llewellyn and 

LaPeyre (2011) and included in the meta-analysis. The percentage of organic matter in the 

samples from Sabine Wildlife Refuge was never higher than 30% in the data collected by 

Edwards and Proffitt (2003) and Llewellyn and LaPeyre (2011). Yet, the amount of organic 

matter in the Bryant and Chabreck (1998) data ranged from 30% to 60%. The authors attributed 

the high values to reduced decomposition and high primary production values at the sampling 

locations (Bryant and Chabreck 1998).  

 Because of the high number of outliers in the SCo dataset (and because of their relatively 

high values compared to other data in the dataset), a dataset was created with outliers removed 

(SCo*). The means of all three datasets (SCm, SCo, SCo*) are all quite different, whereas the 

medians are somewhat similar (Table 2.7). The minimum is the same for the SCo and SCo* 

datasets, but the maximum of the SCo* dataset is much closer to the maximum of the SCm 

dataset (Table 2.7). The SCo dataset is not normally distributed when it includes the outliers 

(Shapiro Wilk test p value = < 0.0001). However, with outliers removed, the SCo* dataset is 

normally distributed (Shapiro Wilk test p value = 0.6106). Based on assessment of distribution 

and comparison with other data included in the meta-analysis, we decided to use the SCo* 
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dataset. The decision to eliminate the outliers, and create a new dataset (SCo*) makes our 

estimates of salt marsh SC more conservative.  

 Tests were run using the SCo* and SCm datasets to see if these datasets could be 

combined and thus create a more robust dataset that would include more data and represent all 

Gulf states. The spatial and temporal distribution, variance, and means and medians were 

assessed. The medians of the two datasets are quite similar and the means are somewhat similar. 

The variances of the SCo* and SCm datasets are unequal according to the variance tests run (p 

values of variance tests range from 0.0003 to 0.0141). However, caution should be used when 

interpreting these results because of the small sample size (n = 3) associated with the SCm 

dataset. A Kolmogorov-Smirnov two sample test was run to compare the datasets. Results show 

that the SCm dataset is not different from the SCo* dataset (Prob > D = 0.9180). Thus, we 

determined that the SCo* and SCm datasets could be combined into a new dataset SCmo* (Table 

2.7).  

 
Table 2.7. Summary statistics of salt marsh soil carbon data. 
Metric	 Mean	 Median	 Q1	 Q3	 Min	 Max	 Outliers	 n	 Outliers	

(gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (#)	 (#)	 (gC	m-2)	
SCm	 6826	 5730	 3049	 11699	 3049	 11699	 0	 3	

	

SCo	 7789	 5860	 4886	 7391	 2037	 27135	 5	 41	

27135,	
26820,	
24480,		
20952,		
13421	

SCo*	 5738	 5620	 4855	 6941	 2037	 9189	 0	 36	 	
SCmo*	 5821	 5680	 4847	 7020	 2037	 11699	 1	 39	 11699	

Soil carbon data collected on a mean basis (SCm), Soil carbon data collected on a one time basis (SCo), Soil carbon data collected on a one-time 
basis with outliers removed (SCo*), and SCo* data combined with SCm data (SCmo*)  
 
 
 
 Salt marsh SC data in the SCmo* dataset come from 10 publications and represents all 

Gulf states. Over 75% of the data are from Louisiana, followed by Florida and Alabama (~8% 

each), Texas (~5%), and Mississippi (~3%). Over 85% of the data represent habitat dominated 
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by Spartina alterniflora. The rest of the data reflect habitat dominated by Juncus roemerianus. 

The mean of the Spartina alterniflora data is 5,724 gC m-2 whereas the mean of the Juncus 

roemerianus data is slightly higher at 6,482 gC m-2. Most of the data were collected between 

May and October, with over 50% collected in October. The data included in the SCmo* dataset 

are included in Table A.8. 

II.F.7. Summary of Data Selected for Final Analysis 

 A summary of the data selected for final analysis is represented below (Table 2.8; Figure 

2.1). Datasets were created for all carbon storage compartments of salt marshes, whereas there 

were only enough data to create a dataset for the SC compartment of mangroves.  

 Of the mangrove data that were available, most were collected in Florida (Figure 2.2). 

For salt marshes, data were collected over a broader geographic range in the northern Gulf of 

Mexico. Salt marsh AGB varies less by state than BGB or SC (Figure 2.2).  

 
Table 2.8. Summary statistics of data selected for final analysis.  
Habitat	 Dataset	

Mean	±SE	 Median	 Q1	 Q3	 Min	 Max	 Outliers	 n	 Outliers	
(gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (#)	 (#)	 (gC	m-2)	

Salt	marsh	 AGBmp	 530	±38	 506	 404	 712	 81	 1078	 0	 40	 	
Salt	marsh	 BGBmo	 1555	±121	 1553	 929	 2148	 276	 2817	 0	 33	 	
Mangrove	 SCo*	 6177	±422	 6146	 3898	 8176	 2347	 11691	 0	 37	 	
Salt	marsh	 SCmo*	 5821	±1884	 5680	 4847	 7020	 2037	 11699	 1	 39	 11699	

Aboveground biomass-mean and peak data combined (AGBmp), Belowground biomass mean and one time data combined (BGBmo), Soil 
carbon data collected on a one-time basis with outliers removed (SCo*), and SCo* data combined with SCm data (SCmo*)  
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Figure 2.1. Box plot of data selected via subset analyses. Belowground biomass and soil carbon 
data standardized to 20 cm depth.  
 
 

 
Figure 2.2. Box plot of data selected via subset analyses. Data are subdivided by the location at 
which the data were collected. Belowground biomass and soil carbon data standardized to 20 cm 
depth.  
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II.G. Weighting Data for Final Analysis 

Once data were selected, data were weighted for incorporation into final analysis. Data 

were weighted because the use of an unweighted mean is not optimal since studies with larger 

sample sizes are more precise and should be weighted more heavily (Hedges and Olkin 1985; 

Schmidt and Hunter 1977). Weighting allows for experiments with greater statistical precision 

and smaller standard error to be weighted more heavily and thus increases the precision of 

combined estimates and comparisons among studies (Hedges et al. 1999). Thus, data were 

reanalyzed using a weighted mean that reflects the precision of the data. 

For the purposes of this study, values obtained from individual studies, known as the 

effect size, were weighted. Ideally, the effect size would be weighted using the inverse variance 

weight, which has been documented to be the optimal weight for averaging independent effect 

sizes (Marín-Martínez and Sánchez-Meca 2010). Weighting using the inverse variance weight is 

conducted according to the following equation (Hedges and Olkin, 1985):  

𝑤!  =  1/𝑣!,  i = 1,…, k. 
 
where wi = weight and vi = variance for the ith study. Variance is equal to the standard error 

squared.  

 However, variance was not reported for most effect sizes in this study. So, in an effort to 

ensure uniformity in the weighting protocol, effect size estimates were weighted by sample size 

using the following equation (Schmidt and Hunter, 1977):  

𝑤! = 𝑛!,  i = 1,…, k. 
 

where wi = weight and ni = sample size for the ith study.  
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 Once the weight of each individual study’s effect size estimates was calculated, an 

overall weighted mean was calculated for a dataset using the following equation from Lipsey and 

Wilson (2001): 

𝐸𝑆 =  !!!"!
!!

 , 
 
where ESi = the effect size for each study and wi = the weight. Standard error of the mean effect 

size was calculated using the following equation from Lipsey and Wilson (2001): 

𝑠𝑒!" =
!
!!

 .  

 
 Using the weighting method described above, the mean effect size associated with each 

dataset used for the final analysis changed (Table 2.9). The average values for salt marsh AGB 

and mangrove SC decreased and the values for salt marsh BGB and SC increased. The value for 

salt marsh BGB changed most dramatically. 

 
Table 2.9. Unweighted and weighted means for all datasets.  

Dataset	
Unweighted	Effect	Size	±	SE	 Weighted	Effect	Size	±	SE	

	(gC	m-2)		 (gC	m-2)	
Salt	Marsh	AGB	 530	±	38	 510	±	34	
Salt	Marsh	BGB	 1555	±	121	 2131	±	114	
Salt	Marsh	SC	 5821	±	302	 6167	±	310	
Mangrove	SC	 6177	±	422	 5898	±	408	

 
 
III. RESULTS 

 Data used for the final analysis came from locations across the northern Gulf of Mexico 

(Figure 2.3). For salt marsh AGB, most data came from Louisiana. The distribution of data for 

BGB of salt marshes was more widely distributed, but came mostly from Texas and Louisiana.  

Salt marsh SC data were also widely distributed across the northern Gulf of Mexico, whereas 

mangrove SC data came mostly from southwestern Florida, with a couple of sites in Louisiana.  

III.A. Summary of Data Availability 
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 There are more data available for salt marshes than mangroves in the northern Gulf of 

Mexico (Table 2.10). Because of the small sample sizes obtained for BGB of mangroves and the 

lack of data for AGB of mangroves, there were only enough data to compare carbon storage 

between salt marshes and mangroves for SC. In an effort to assess potential differences between 

habitat types, we obtained mangrove AGB estimates from studies that harvested AGB of 

mangroves in order to derive allometric equations.   

III.B. Comparison of Soil Carbon Compartments and Wetland Types 

 Data were compared across carbon compartments and between ecosystem types. A 

student’s t test was performed to determine if carbon storage compartments were significantly 

different from one another. Results suggest that all compartments of salt marsh carbon storage 

(AGB, BGB, and SC) are significantly different from one another. However, there was no 

significant difference between the SC compartments of salt marshes and mangroves despite the 

fact that the SC value for mangroves is slightly higher (Table 2.10).  

 
Table 2.10. Summary statistics for weighted datasets.  

Dataset	
Mean	±SE	 Median	 Q1	 Q3	 Min	 Max	 Outliers	 n	 Outliers	
(gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (#)	 (#)	 (gC	m-2)	

Salt	Marsh	AGB	 510	±	34	 506	 404	 712	 81	 1078	 0	 40	 	

Salt	Marsh	BGB	 2131	±	114	 1553	 929	 2148	 276	 2817	 0	 33	 	
Salt	Marsh	SC	 6167	±310	 5680	 4847	 7020	 2037	 11699	 1	 39	 11699	
Mangrove	SC	 5898	±	408	 6146	 3898	 8176	 2347	 11691	 0	 37	 	
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Figure 2.3. Distribution of data sources across the Gulf States in the northern Gulf of Mexico.  

 

III.C. Aboveground Biomass of Salt Marshes  

 The average AGB of salt marshes in the northern Gulf of Mexico was 1,274 g m-2 (or 510 

gC m-2) This value represents data collected in Louisiana, Florida, Texas, and Mississippi 

(Figure 2.4). Most data represent salt marsh dominated by Spartina alterniflora (57.5%) and 

Juncus roemerianus (25%). Other species represented in the dataset include Spartina patens 

(7.5%), Distichlis spicata (2.5%), Phragmites communis (2.5%), Sagittaria falcata (2.5%), and 

Spartina cynosuroides (2.5%).  
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Figure 2.4. Salt marsh aboveground biomass data distribution by state.  
 
 
III.D. Aboveground Biomass of Mangroves 

 Estimates of AGB were obtained from seven publications, most of which stem from 

allometric equations for mangroves in the northern Gulf of Mexico (Table 2.11). Included are 

estimates of all mangrove species and three mangrove types that occur in the northern Gulf of 

Mexico. Estimates include values from three Gulf states, with most estimates representing 

mangroves in Florida. Values range from 787 g m-2 to approximately 25,000 g m-2 (or 

approximately 315 gC m-2 to 10,000 gC m-2).  

III.E. Belowground Biomass of Salt Marshes 

 The average BGB for salt marshes in the northern Gulf of Mexico was 5,327 g m-2 (or 

2131 gC m-2). Most of the data were collected in Texas, Louisiana, Florida, and Mississippi 

(Figure 2.5). Approximately 65% of the data represent salt marsh dominated by Spartina 

alterniflora. Juncus roemerianus made up approximately 18% of the data and Spartina patens 

composed approximately 15% of the data. 
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Figure 2.5. Salt marsh belowground biomass data distribution by state.  
  

III.F. Belowground Biomass of Mangroves 

 BGB of mangroves is poorly quantified (Chen and Twilley 1999; Gleason and Ewel 

2002). We found some data of BGB for mangroves in the northern Gulf of Mexico (n = 14), but 

there were not enough to include in the meta-analysis. Most available data for mangrove BGB 

represent Rhizophora mangle (n = 10). The rest of the data represent Avicennia germinans (n = 

4). Values for BGB of mangroves in the top 20 cm of sediment ranged from 892 to 11,687 g m-2 

(or 357 to 4,675 gC m-2). The average value for BGB of Rhizophora mangle was 4,215 g m-2 (or 

1,686 gC m-2). The Rhizophora mangle data came from two publications, Castañeda-Moya et al. 

(2011) and Sánchez (2005). The values extracted from the Castañeda-Moya et al. (2011) 

publication were much lower than the values obtained from the Sánchez (2005) dissertation. The 

average value for BGB of Avicennia germinans was 5,084 g m-2 (or 2,033 gC m-2). The overall 

average value for BGB of mangroves was 4,463 g m-2 (or 1,785 gC m-2). 

 Castañeda-Moya et al. (2011) used root cores to establish that most (62-85%) BGB of 

mangroves in the Florida coastal Everglades was in the top 45 cm of soil. This corroborates the 

findings of Komiyama et al. (1989) that mangrove roots in southern Japan were concentrated in 

FL	
LA	
MS	
TX	

29%	

53%	

3%	

15%	



 

 40 

the top 50 cm of the soil (Sánchez 2005). The estimates provided by Castañeda-Moya et al. 

(2011) are likely an underestimate of mangrove BGB because roots greater than 20 mm in 

diameter were not included in the analysis due to sampling limitations. Sánchez (2005) also used 

root cores and determined that standing root biomass decreased inland and was highest in 

monospecific forest stands at the Rookery Bay National Estuarine Research Reserve.  

 Doughty et al. (2016) collected BGB data for mangroves in eastern Florida (outside the 

study area, but close to study site). The BGB estimate for mangroves in eastern Florida obtained 

by Doughty et al. (2016) was equivalent to ~2,500 g m-2 (or 1,000 gC m-2). for the top 30 cm of 

soil.  

III.G. Soil Carbon of Salt Marshes 

 The average amount of SC in the top 20 cm of sediment in salt marshes in the northern 

Gulf of Mexico was 6,167 gC m-2. Salt marsh SC data were collected in Louisiana, Alabama, 

Florida, Texas, and Mississippi (Figure 2.6). Most data represented Spartina alterniflora (87%), 

followed by Juncus romerianus (13%).  

 
Figure 2.6. Salt marsh soil carbon data distribution by state. 
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Table 2.11. Estimates of mangrove aboveground biomass in the northern Gulf of Mexico.  
AGB	mean	(g	m-2)	 Mangrove	type	 Mangrove	species	 Site	 State	 Reference	

787	 scrub	
Rhizophora	mangle,	Laguncularia	racemosa,	
Avicennia	germinans,	Conocarpus	erectus	

South	and	southwest,	
multiple	sites	 FL	 Lugo	and	Snedaker	1974	

1,305	 -	 Avicennia	germinans	 Port	Aransas	 TX	 Yando	et	al.	2016	
1,476	 -	 Avicennia	germinans	 Port	Fourchon	 LA	 Yando	et	al.	2016	
1,651	 scrub	 Rhizophora	mangle	 Everglades	National	Park	 FL	 Coronado-Molina	et	al.	2004	

1,819-5,602**	 fringe	
Rhizophora	mangle,	Laguncularia	racemosa,	
Avicennia	germinans	 Biscayne	National	Park	 FL	 Ross	et	al.	2001	

2,230**	 scrub	
Rhizophora	mangle,	Laguncularia	racemosa,	
Avicennia	germinans	 Biscayne	National	Park	 FL	 Ross	et	al.	2001	

6,100***	 scrub	
Rhizophora	mangle,	Laguncularia	racemosa,	
Avicennia	germinans	 Eastern,	multiple	sites	 FL	 Doughty	et	al.	2016	

6,200***	 sapling	
Rhizophora	mangle,	Laguncularia	racemosa,	
Avicennia	germinans	 Eastern,	multiple	sites	 FL	 Doughty	et	al.	2016	

6,387	 -	 Avicennia	germinans	 Cedar	Key	 FL	 Yando	et	al.	2016	
7,900-25,000	 -	 Rhizophora	mangle,	Laguncularia	racemosa	 Shark	River	Estuary	 FL	 Chen	and	Twilley	1999	

10,000-16,200*	 -	
Rhizophora	mangle,	Laguncularia	racemosa,	
Avicennia	germinans,	Conocarpus	erectus	 Everglades	National	Park	 FL	 Castañeda-Moya	et	al.	2013	

11,752-15,287	 fringe	 -	
South	and	southwest,	
multiple	sites	 FL	 Lugo	and	Snedaker	1974	

11,958-12,964	 overwash	 Rhizophora	mangle	
South	and	southwest,	
multiple	sites	 FL	 Lugo	and	Snedaker	1974	

17,900***	 tall	
Rhizophora	mangle,	Laguncularia	racemosa,	
Avicennia	germinans	 Eastern,	multiple	sites	 FL	 Doughty	et	al.	2016	

* data represents aboveground wood biomass (so is an underestimation of total aboveground biomass) 
** data represents sites recovering from impacts of a hurricane 
*** data represents mangroves (close to but) outside of the study area 
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II.H. Soil Carbon of Mangroves 

 The average amount of SC in the top 20 cm of sediment in the mangroves of the northern 

Gulf of Mexico was 5,898 gC m-2. Most mangrove SC data were collected in Florida (Figure 

2.7). The majority of the data represented mangroves dominated by Rhizophora mangle (46%), 

followed by Avicennia germinans (22%), and Laguncularia recemosa (3%). The rest of the data 

were not categorized as being dominated by a specific mangrove species.  

 

 
Figure 2.7. Mangrove soil carbon data distrbution by state. 
 
 
IV. DISCUSSION 

IV.A. Summary of Research Findings  

 The carbon storage capacity of salt marshes in the northern Gulf of Mexico has been 

studied since the 1970s, so there is an abundance of published data. However, there are fewer 

data available on the carbon storage capacity of mangroves in the region, especially for BGB. 

Included below are summaries of how each compartment of carbon storage compare for salt 

marshes and mangroves in the northern Gulf of Mexico.  

 The overall average of salt marsh AGB in the northern Gulf of Mexico (1,274 gC m-2; 

Table 2.10) is similar to AGB estimates of scrub mangroves in Texas and Louisiana (1,305-
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1,476 gC m-2; Table 2.11), but much lower than the AGB estimates of other types of mangroves 

in the northern Gulf of Mexico (Table 2.11). For example, some estimates of mangrove AGB in 

Florida are an order of magnitude greater than the value obtained for average AGB of salt 

marshes in the northern Gulf of Mexico (Table 2.11).  

 Data are scarce (n = 14) for BGB of mangroves in the northern Gulf of Mexico. All 

available mangrove BGB data represent mangroves in Florida. Data included in this meta-

analysis indicate that salt marsh BGB (5,327 g m-2; 2,131 gC m-2) is greater than mangrove BGB 

(4,463 g m-2; 1,785 gC m-2). However, caution should be used when interpreting these results 

due to the relative lack of mangrove BGB data and the lack of spatial heterogeneity for the 

mangrove data that are available.  

 The value obtained for the average amount of SC in salt marshes (6,167 gC m-2; Table 

2.10) is greater than the value obtained for the average amount of SC in mangroves (5,898 gC m-

2; Table 2.10), but this difference is not statistically significant (KS test Prob > D = 0.1905; 

ANOVA p value = 0.5989). The salt marsh SC value represents all the Gulf states and therefore 

has a good spatial distribution across the study area, whereas the mangrove SC value represents 

mostly mangroves in Florida. Only two mangrove SC values represent mangroves in Louisiana, 

and these values are much lower than values in Florida (Figure 2.8).  

 

 
Figure 2.8. Soil carbon values for mangroves in Florida and Louisiana.  
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IV.B. Data Gaps and Research Needs 

IV.B.1. Data Gaps: Aboveground Biomass and Belowground Biomass of Mangroves 

 There is a need for more estimates of AGB and BGB of mangroves in the northern Gulf 

of Mexico. We could not find enough data for AGB or BGB of mangroves to include in the 

meta-analysis. Other researchers have documented the scarcity of global mangrove BGB data 

(Alongi 2014; Bouillon et al. 2008; Sánchez 2005), and the results of our meta-analysis stress the 

need for mangrove BGB estimates in the northern Gulf of Mexico as well.  

 We were able to find many studies that use allometric equations to estimate AGB of 

mangroves in the northern Gulf of Mexico, but studies that estimate BGB of mangroves are 

scarce. However, there are some equations that have been derived to estimate BGB of mangroves 

(Castañeda-Moya et al. 2011, 2013). These equations should be used to conduct future research, 

especially if a lack of resources hinders the ability for mangrove BGB to be collected and 

quantified.  

 Most estimates we obtained for mangrove AGB in the northern Gulf of Mexico represent 

mangroves in Florida. Thus, there is a need for more AGB estimates of mangroves in Texas and 

Louisiana. The need for Texas mangrove AGB estimates can be filled using publicly available 

data collected at the Mission-Aransas National Estuarine Research Reserve (NERR), Texas. The 

Mission-Aransas NERR currently monitors mangroves according to a protocol that includes the 

measurement of all the metrics needed to calculate mangrove AGB according to the allometric 

equations developed by Osland et al. (2014). There are also two other research reserves in the 

northern Gulf of Mexico states (Guana Tolomato Matanzas NERR and Apalachicola Bay NERR) 

that either collect or plan to start collecting data needed to estimate mangrove AGB. We suggest 

researchers utilize these publicly available datasets to estimate mangrove AGB.  
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IV.B.2. Data Gaps by Location within the northern Gulf of Mexico 

 In the northern Gulf of Mexico, most mangrove and salt marsh carbon storage data have 

been collected in Florida and Louisiana. There is a relative lack of data in the Gulf states of 

Alabama and Mississippi. In Texas, there are less salt marsh AGB and SC data than BGB data. 

Further, Texas and Louisiana lack mangrove data, which is a substantial data gap given that 

mangroves have large spatial extents in these two states.  

IV.C. Interesting Findings 

IV.C.1. Issues with Collecting Data on a One-Time Basis 

 There was a substantial difference between the mean values obtained for subsets of salt 

marsh AGB. The mean value obtained for peak AGB was slightly (although not significantly) 

lower than the value obtained for AGB collected over a year or longer (Table 2.3). This could be 

a reflection of the heterogeneity of the data, but it might also be an indication that estimates of 

peak AGB in the literature are underestimates of actual AGB of salt marshes. 

 Research has shown that measurements of end-of-season live standing crop 

underestimate marsh production because they do not take into account leaf abscissions, death of 

plants before harvest, and grazing losses (Saenger and Snedaker 1993; Turner and Gosselink 

1975). Research suggests that annual primary production in Louisiana marshes could be between 

1.5 and 4.4 times greater than peak standing crop (Feijtel et al. 1985). Further, research has 

shown that AGB: BGB ratios vary on an inter- and intra-annual basis (Darby and Turner 2008). 

Thus, we suggest that, if possible, data be collected over a time period of a year or longer to 

capture the variability of AGB. Further, if research is being conducted in an effort to understand 

how a system functions, data should be collected on a long-term basis.  
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IV.C.2. Lack of Inclusion of Study Site Latitude and Longitude 

 Many studies did not include the latitude and longitude of study sites at which the data 

were collected. In these cases, this information had to be estimated using ArcMap©. If accurate 

latitude and longitude coordinates were included in publications, assessment of the correlation 

between biomass measurements and environmental variables (such as elevation and distance 

inland) could be accurately assessed via a meta-analysis of this nature.  

IV.C.3. Root-to-Shoot Ratios 

 The relationship between belowground and AGB is sometimes referred to as the root-to-

shoot ratio. A root-to-shoot ratio is affected by nutrient availability (Castañeda-Moya et al. 2011; 

Krauss et al. 2008; McKee 1995), species type (McKee 1995), and distance inland (Komiyama 

et al. 2008) among other factors such as soil stress and salinity (Castaneda 2010). Root-to-shoot 

ratio also varies on an inter- and intra-annual basis (Darby and Turner 2008).  

 Worldwide, the root-to-shoot ratio of salt marshes has been documented to range from 

1.4:1 to 50:1 (Chmura et al. 2003). The average root-to-shoot ratios of Spartina alterniflora salt 

marshes in Louisiana and Alabama are equal to approximately 3:1 and 4:1 (respectively) at the 

end of the growing season (Darby and Turner 2008). We estimate the average root-to-shoot ratio 

for salt marshes in the northern Gulf of Mexico to be approximately 4:1.  

 Alongi (1998) noted that the root-to-shoot ratio of mangroves worldwide is equal to 

0.5:1. In the Florida everglades, the mangrove root-to-shoot ratio ranges from 0.17:1 to 

approximately 10:1 (Castaneda 2010; Castañeda-Moya et al. 2013) and in eastern Florida, a 

mangrove root-to-shoot ratio of 0.20 has been established (Doughty et al. 2016). We were not 

able to estimate the average root-to-shoot ratio for mangroves in the northern Gulf of Mexico 

based on this meta-analysis due to a lack of available data.  
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IV.C.4. Extrapolation of Soil Carbon Values to a Deeper Depth 

 We estimated SC to 20 cm depth. Depending on the location and habitat type, this 

amount of SC can accumulate in northern Gulf of Mexico wetlands in approximately 15 to 75 

years (at a rate of 0.27 to 1.3 cm yr-1; Table 2.12). In order to assess the total amount of SC in a 

wetland, cores to at least 1 meter depth would be required (Macreadie et al. 2013; Chmura et al. 

2003). This is corroborated by Moyer et al. (2016), who showed that all salt marsh and 

mangrove cores taken in the Tampa Bay area of Florida had SC to 50 cm depth, and that most 

had SC to 90 cm depth (which was the maximum depth of the cores taken). However, percent SC 

has been documented to decrease with depth in some wetlands (Moyer et al. 2016; Osland et al. 

2012; Lynch 1989). Thus, estimating SC to 1 m depth requires knowledge of how SC varies with 

depth.  

 
Table 2.12. Vertical accretion rates in salt marshes and mangroves in the northern Gulf of 
Mexico.		
Vertical	
accretion	
rate	(cm	yr-1)	 Habitat	type	 Location	 Reference	
0.27	 mangrove	(black)	 Florida	Keys,	Florida	 Callaway	et	al.	1997	
0.40	 mangrove	(red)	 Florida	Keys,	Florida	 Callaway	et	al.	1997	
0.44	 salt	marsh	 Aransas	National	Wildlife	Refuge,	Texas	 Callaway	et	al.	1997	
0.44	-	0.63	 mangrove	(island)	 southwestern	Florida	 Cahoon	and	Lynch	1997	
0.56	 salt	marsh	 Biloxi	Bay,	Mississippi	 Callaway	et	al.	1997	
0.59	-	1.03	 salt	marsh	 Barataria	Basin,	Louisiana	 DeLaune	et	al.	1983	
0.60	 mangrove	(basin)	 southwestern	Florida	 Cahoon	and	Lynch	1997	
0.62	 salt	marsh	 San	Bernard	National	Wildlife	Refuge,	Texas	 Callaway	et	al.	1997	
0.7	-	1.3	 salt	marsh	 Louisiana	 Cahoon	and	Turner	1989	
0.7	-	1.3	 salt	marsh	 Barataria	Basin,	Louisiana	 Hatton	et	al.	1983	
0.72	 salt	marsh	 southeastern	Louisiana	 Nyman	et	al.	1990	
0.72	-	0.78		 mangrove	(fringe)	 southwestern	Florida	 Cahoon	and	Lynch	1997	
0.89	 mangrove	 south	Florida	 Chen	and	Twilley	1999	
0.98	 salt	marsh	 southeastern	Louisiana	 Nyman	et	al.	1993	
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IV.D. Current Research Being Conducted 

 In Tampa Bay, Florida, overall carbon stock in mangroves is generally greater than that 

in salt marshes (Moyer et al. 2016). Total carbon storage in natural mangroves of Tampa Bay is 

estimated to be ~19,940 gC m-2 whereas total carbon storage in natural salt marshes of Tampa 

Bay is estimated to be ~11,420 gC m-2 (Moyer et al. 2016). Researchers are currently in the 

process of finalizing a manuscript on the Tampa Bay Blue Carbon Report research mentioned 

above (Kara Radabaugh, Florida Fish and Wildlife Research Institute, pers. comm., August 

2016). Unpublished data from that manuscript indicate that AGB of tall mangroves (3,730 g m-2) 

is approximately nine times greater than AGB of salt marshes (400 g m-2) in the Tampa Bay area 

(Kara Radabaugh, Florida Fish and Wildlife Research Institute, pers. comm., August 2016). 

Unpublished data from that manuscript also indicate that BGB of tall mangroves (1,900 g m-2) is 

almost three times greater than BGB of salt marshes (734 g m-2) in the Tampa Bay area (Kara 

Radabaugh, Florida Fish and Wildlife Research Institute, pers. comm., August 2016).  

 Yando et al. (2016) and Doughty et al. (2016) published manuscripts after the data for 

this meta-analysis were collected. These publications are referenced because they are examples 

of the types of publications needed to better understand wetland carbon storage in the northern 

Gulf of Mexico region. Examples of similar types of research that are soon to be published 

include 1) temporal changes of Texas salt marsh and mangrove AGB and BGB by researcher 

Matthew Norwood in the Louchouarn Lab at Texas A&M Galveston and 2) the effects of 

mangrove expansion on carbon sequestration and accretion rates by Sean Charles in the 

Kominoski Ecosystem Ecology Lab at Florida International University. These research 

initiatives are examples of research that is currently being conducted to fill the research gap on 
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the topic of mangrove expansion in the salt marsh-mangrove ecotone in the northern Gulf of 

Mexico.  

IV.E. Policy Relevance 

 Blue carbon refers to carbon stored in vegetated coastal ecosystems such as marshes, 

mangroves, and seagrass beds (Pendleton et al. 2012). Blue carbon comprises three components: 

1) carbon sequestered on an annual basis, 2) carbon stored in plant biomass and soil organic 

matter, and 3) carbon emitted. Linking carbon storage values to carbon sequestration and 

emission rates allows for an understanding of how a system functions and enables the 

operationalization of the blue carbon concept.  

 Conversion of coastal ecosystems can lead to the emission of previously sequestered 

carbon (Pendleton et al. 2012). The release of carbon into the atmosphere has climate change 

implications that are felt worldwide. These effects can be reversed through carbon mitigation 

actions such as the restoration of coastal ecosystems (e.g. through the creation of living 

shorelines), which also serve the purpose of enhancing coastal resilience and replacing lost 

ecosystem services. Because of the recognized value of blue carbon, protection and restoration of 

coastal habitats is becoming increasingly relevant to policy and decision making.  

 The National Oceanic and Atmospheric Administration (NOAA) recognizes the 

importance of coastal habitat carbon services and is currently exploring blue carbon policy 

opportunities (Sutton-Grier and Moore, 2016). NOAA is currently working with partners to 

socialize the concept of coastal blue carbon among policy- and decision makers and the general 

public (Sutton-Grier and Moore, 2016). Additionally, research has documented the feasibility of 

incorporating blue carbon ecosystem services into processes associated with the Clean Water 

Act, the Coastal Zone Management Act, the Oil Pollution Act (Sutton-Grier et al. 2014), the 
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Endangered Species Act, the National Environmental Policy Act, and the Water Resources 

Development Act (Pendleton et al. 2013). However, actual implementation of the incorporation 

of carbon services into these processes will require cross-agency efforts, including the 

completion of pilot studies (Sutton-Grier and Moore, 2016).  

 If blue carbon is to be incorporated into policy and decision making, policy hurdles such 

as the need for regionally specific estimates of carbon sequestration, storage, and emissions from 

coastal habitats need to be overcome (Sutton-Grier and Moore, 2016). Our research is an attempt 

to document what we know about carbon storage (one component of blue carbon) in northern 

Gulf of Mexico salt marshes and mangroves and to highlight data gaps that need to be filled if 

dependable estimates are to be used to guide future decision making. Next steps would be to 

document current carbon sequestration and emission rates in marshes and mangroves in the 

northern Gulf of Mexico and to incorporate blue carbon estimates for seagrass beds as well.  



 

 51 

V. LITERATURE CITED 
 
Alongi, D.M. 1998. Coastal Ecosystem Processes. CRC Press, New York, USA.  
  
Daily, G.C., 1997. Nature’s Services: Societal Dependence on Natural Ecosystems. Island Press, 

Washington, DC. 
 
Alongi, D.M., Clough, B.F., Dixon, P., and Tirendi, F. 2003. Nutrient Partitioning and Storage in 

Arid-zone Forests of the Mangroves Rhizophora stylosa and Avicennia marina. Trees 17, 
51-60. 

 
Alongi, D.M. 2014. Carbon Cycling and Storage in Mangrove Forests. Annual review of Marine 

Science 6, 195-219.  
 
Balvanera, P., Pfisterer, A.B., Buchmann, N., He, J., Nakashizuka, T., Raffaelli, D., and Schmid, 

B. 2006. Quantifying the evidence for biodiversity effects on ecosystem functioning and 
services. Ecology Letters 9, 1146-1156.  

 
Bouillon, S., Borges, A.V., Castañeda-Moya, E., Diele, K., Dittmar, T., Duke, N.C., Kristensen, 

E., Lee, S.Y., Marchand, C., Middleburg, J.J., Rivera-Monroy, V.H., Smith III, T.J., and 
Twilley, R.R. 2008. Mangrove Production and Carbon Sinks: A Revision of Global 
Budget Estimates. Global Biogeochemical Cycles 22, GB2013.  

 
Brander, L.M., Florax, R.J.G.M., and Vermaat, J.E. 2006. The Empirics of Wetland Valuation: A 

Comprehensive Summary and Meta-Analysis of the Literature. Environmental and 
Resource Economics 33, 223-250.  

 
Bridgham, S.D., Megonigal, J.P., Keller, J.K., Bliss, N.B., and Trettin, C. 2006. The Carbon 

Balance of North American Wetlands. Wetlands 26 (4), 889-916. 
 
Bryant, J.C. and Chabreck, R.H. 1998. Effects of Impoundment on Vertical Accretion of Coastal 

Marsh. Estuaries 21(3), 416-422.  
 
Castañeda-Moya, E., Twilley, R.R., Rivera-Monroy, V.H., Marx, B.D., Coronado-Molina, C., 

and Ewe, S.M.L. 2011. Patterns of Root Dynamics in Mangrove Forests Along 
Environmental Gradients in the Florida Coastal Everglades, USA. Ecosystems 14, 1178-
1195.  

 
Castañeda-Moya, E., Twilley, R.R., and Rivera-Monroy, V.H. 2013. Allocation of biomass and 

net primary productivity of mangrove forests along environmental gradients in the 
Florida Coastal Everglades, USA. Forest Ecology and Management 307, 226-241.  

 
Castaneda, E. 2010. Landscape patterns of community structure, biomass and net primary 

productivity of mangrove forests in the Florida Coastal Everglades as a Function of 
Resources, Regulators, Hydroperiod, and Hurricane Disturbance. P.h.D. Dissertation. 
Louisiana State University, Department of Oceanography 



 

 52 

and Coastal Sciences, Baton Rouge, LA. 
 
Caudill, M.C. 2005 Nekton utilization of black mangrove (Avicennia germinans) and 

smooth cordgrass (Spartina alterniflora) sites in southwestern Caminada Bay, 
Louisiana. M.S. Thesis. Louisiana State University, Department of Oceanography 
and Coastal Sciences, Baton Rouge, LA. 

 
Cebrian, J. 1999. Patterns in the Fate of Production in Plant Communities. The American 

Naturalist 154 (4), 449-468.  
 
Chen, R. and Twilley, R.R. 1999. A simulation model of organic matter and nutrient 

accumulation in mangrove wetland soils. Biochemisty 44, 93-118.  
 
Chmura, G.L., Anisfield, S.C., Cahoon, D.R. and Lynch, J.C. 2003. Global Carbon Sequestration 

in Tidal, Saline Wetland Soils. Global Biogeochemical Cycles, 17(4), 2201-2212.  
 
Comeaux, R.S., Allison, M.A., and Bianchi, T.S. 2012. Mangrove expansion in the Gulf of 

Mexico with climate change: Implications for wetland health and resistance to rising sea 
levels. Estuarine, Coastal and Shelf Science, 96, 81-95.  

 
Coronado-Molina, C., Day, J.W., Reyes, E., and Perez, B.C. 2004. Standing crop and 

aboveground biomass partitioning of a dwarf mangrove forest in Taylor River Slough, 
Florida. Wetlands Ecology and Management 12, 157-164.  

 
Daily, G.C. 1997. Nature’s Services: Societal Dependence on Natural Ecosystems. Island Press, 

Washington, DC. 
 
Darby, F.A. and Turner, E.R. 2008. Below- and Aboveground Spartina alterniflora Production 

in a Louisiana Salt Marsh. Estuaries and Coasts 31, 223-231.  
 
De La Cruz, A.A., and Hackney, C.T. 1977. Energy Value, Elemental Composition, and 

Productivity of Belowground Biomass of A Juncus Tidal Marsh. Ecology 58 (5), 1165-
1170.  

 
Don, A., Schumacher, J., and Freibauer, A. 2011. Impact of tropical land-use change on soil 

organic carbon stocks – a meta-analysis. Global Change Biology 17, 1658-1670.  
 
Doughty, C.L., Langley, J.A., Walker, W.S., Feller, I.C., Schaub, R., and Chapman, S.K. 2016. 

Mangrove Range Expansion Rapidly Increases Coastal Wetland Carbon Storage. 
Estuaries and Coasts 39, 385-396.  

 
Edwards, K.R., and Proffitt, C.E. 2003. Comparison of wetland structural characteristics between 

created and natural salt marshes in southwest Louisiana, USA. Wetlands 23 (2), 344-356.  
 



 

 53 

Elliott, M., Burdon, D., Hemingway, K.L., and Apitz, S.E. 2007. Estuarine, coastal and marine 
ecosystem restoration: Confusing management and science – A revision of concepts. 
Estuarine, Coastal and Shelf Science 74 (3), 349–366. 

 
Feijtel, T.C., DeLaune, R.D., and Patrick Jr., W.H. 1985. Carbon flow in coastal Louisiana. 

Marine Ecology 24, 255-260.  
 
Ghermandi, A., van den Bergh, J.C.J.M., Brander, L.M., de Groot, H.L.F., and Nunes, P.A.L.D. 

2007. Exploring diversity: a meta-analysis of wetland conservation and creation. Paper 
presented at the 9th annual BIOECON conference on economics and institutions for 
biodiversity conservation. Kings College Cambridge, 19–21.  

 
Gleason, S.M., and Ewel, K.C. 2002. Organic matter dynamics on the forest floor of a 

Micronesian Mangrove Forest: An investigation of species composition shifts. Biotropica 
34(2), 190-198.  

 
Gómez-Aparicio, L., and Lortie, C.J. 2014. Advancing Plant Ecology Through Meta-analyses. 

Journal of Ecology 102, 823-827.  
 
Guo, L.B., and Gifford, R.M. 2002. Soil carbon stocks and land use change: a meta analysis. 

Global Change Biology 8, 345-360.  
 
Harcombe, P.A., Cameron, G.N., and Glumac, E.G. 1993. Above-ground net primary 

productivity in adjacent grassland and woodland on the coastal prairie of Texas, USA. 
Journal of Vegetation Science 4 (4), 521-530.  

 
Hedges, L.V. and Olkin, I. 1985. Statistical Methods for Meta-Analysis. Academic Press, Inc. 

Orlando, Florida.   
 
Hedges, L.V., Gurevitch, J., and Curtis, P.S. 1999. The Meta-analysis of Response Ratios in 

Experimental Ecology. Ecology  80 (4), 1150-1156.  
 
Higgins, J.P.T., and Green, S. 2008. Cochrane Handbook for Systematic Reviews of 

Interventions: Cochrane Book Series. 
 
Hoehn, J.P., Lupi, F., and Kaplowitz, M.D. 2003. Untying a Lancastrian bundle: valuing 

ecosystems and ecosystem services for wetland mitigation. Journal of Environmental 
Management 68, 263-272.  

 
Hunter, A., Cebrian, J., Stutes, J.P., Patterson, D., Christiaen, B., Lafabrie, C., and Goff, J. 2015. 

Magnitude and Trophic Fate of Black Needlerush (Juncus Roemerianus) Productivity: 
Does Nutrient Addition Matter? Wetlands 35, 401-417.  

 
Kauffman, J.B., and Donato, D.C. 2012. Protocols for the measurement, monitoring and 

reporting of structure, biomass and carbon stocks in mangrove forests. Working Paper 86. 
CIFOR, Bongor, Indonesia.  



 

 54 

 
Koch, M.S. 1997. Rhizophora mangle L. Seedling Development into the Sapling Stage across 

Resource and Stress Gradients in Subtropical Florida. Biotropica 29 (4), 427-439.  
 
Komiyama, A., Ong, J.E., and Poungparn, S. 2008. Allometry, biomass, and productivity of 

mangrove forests: A review. Aquatic Botany 89, 128-137.  
 
Komiyama, A., Havanond, S., Srisawatt, W., Mochida, Y., Fujimoto, K., Ohnishi, T., Ishihara, 

S., and Miyagi, T. 2000. Top/root biomass ratio of a secondary mangrove (Ceriops tagal 
(Perr.) C.B. Rob.) forest. Forest Ecology and Management 139, 127-134.  

 
Koricheva, J., and Gurevitch, J. 2014. Uses and misuses of meta-analysis in plant ecology. 

Journal of Ecology 102, 828-844.  
 
Krauss, K.W., Lovelock, C.E., McKee, K.L., López-Hoffman, Laura, Ewe, S.M.L., and Sousa, 

W.P. 2008. Environmental drivers in mangrove establishment and early development: A 
review. Aquatic Botany 89, 105-127.  

 
Lett, M.S., Knapp, A.K., Briggs, J.M. and Blair, J.M. 2004. Influence of Shrub encroachment on 

aboveground primary productivity and carbon and nitrogen pools in a mesic grassland. 
Canadian Journal of Botany 82, 1363-1370.  

 
Liao, C., Peng, R., Luo, Y., Zhou, X., Wu, X., Fang, C., Chen, J., and Li, B. 2007. Altered 

ecosystem carbon and nitrogen cycles by plant invasion: a meta-analysis. New 
Phytologist 177, 706-714.  

 
Lipsey, M.W., and Wilson, D.B. 2001. Practical Meta-analysis. Sage Publications, Inc. Thousand 

Oaks, CA. 
 
Llewellyn, C., and La Peyre, M. 2011. Evaluating ecological equivalence of created marshes: 

comparing structural indicators with stable isotope indicators of blue crab trophic 
support. Estuaries and Coasts 34, 172-184.  

 
Lotze, H.K., Lenihan, H.S., Bourque, B.J., Bradbury, R.H., Cooke, R.G., Kay, M.C., Kidwell, 

S.M., Kirby, M.X., Peterson, C.H., and Jackson, J.B.C. 2006. Depletion, Degradation, 
and Recovery Potential of Estuaries and Coastal Seas. Science 312 (5781), 1806–1809. 

 
Lugo, A.E., Brown, S., and Brinson, M.M. 1988. Forested wetlands in freshwater and salt-water 

environments. Limnology and Oceanography 33 (4, 2), 894-909. 
 
Lugo, A.E. and Snedaker, S.C. 1974. The Ecology of Mangroves. Annual Review of Ecology 

and Systematics 5, 39-64.  
 
Lynch, J.C. 1989. Sedimentation and Nutrient Accumulation in Mangrove Ecosystems of the 

Gulf of Mexico. M.S. Thesis. The University of Southwestern Louisiana, Department of 
Oceanography and Coastal Sciences, Baton Rouge, LA. 



 

 55 

 
Macreadie, P.I., Hughes, A.R., and Kimbro, D.L. 2013. Loss of ‘Blue Carbon’ from Coastal Salt 

Marshes Following Habitat Disturbance.  
 
Marín-Martínez, F. and Sánchez-Meca, J. 2010. Weighting by Inverse Variance or by Sample 

Size in Random-Effects Meta-Analysis. Educational and Psychological Measurement 70 
(1), 56-73. 

 
McKee, K.L. 1995. Interspecific Variation in Growth, Biomass Partitioning, and Defensive 

Characteristics of Neotropical Mangrove Seedlings: Response to Light and Nutrient 
Availability. American Journal of Botany 82 (3), 299-307.  

 
McKee, K.L. and Rooth, J.E. 2008. Where temperate meets tropical: multi-factorial effects of 

elevated CO2, nitrogen enrichment, and competition on a mangrove-salt marsh 
community. Global Change Biology 14, 971-984.  

 
Mcleod, E., Chmura, G.L., Bouillon, S., Salm, R., Björk, M., Duarte, C.M., Lovelock, C.E., 

Schlesinger, W.H., and Silliman, B.R. 2011. A blueprint for blue carbon: toward 
improved understanding of the role of vegetated coastal habitats in sequestering CO2. 
Frontiers in Ecology and the Environment 9 (10), 552-560. 

 
Méndez-Alonzo, R., López-Portillo, J., and Rivera-Monroy, V.H. 2008. Latitudinal Variation in 

Leaf and Tree Traits of the Mangrove Avicennia germinans (Avicenniaceae) in the 
Central Region of the Gulf of Mexico. BIOTROPICA 40 (4), 449-456.  

 
Millennium Ecosystem Assessment. 2005. Ecosystems And Human Well-Being: Wetlands and 

Water Synthesis. World Resources Institute, Washington, DC. 
 
Morgan, P.A., Burdick, D.M., and Short, F.T., 2009. The functions and values of fringing salt 

marshes in northern New England, USA. Estuaries and Coasts 32, 483-495.  
 
Morrisey, D.J., Swales, A., Dittmann, S., Morrison, M.A., Lovelock, C.E., and Beard, C.M. 

2010. The Ecology and Management of Temperate Mangroves. Oceanography and 
Marine Biology: An Annual Review 48, 43-160.  

 
Moyer, R.P., Radabaugh, K.R., Powell, C.E., Bociu, I., Chappel, A.R., Clark, B.C., Crooks, S., 

and Emmett-Mattox, S. 2016. Quantifying Carbon Stocks for Natural and Restored 
Mangroves, Salt Marshes, and Salt Barrens in Tampa Bay.  

 
Osenberg, C.W., Sarnelle, O., Cooper, S.D. and Holt, R.D. 1999. Resolving Ecological 

Questions Through Meta-Analysis: Goals, Metrics, and Models. Ecology 80, 1105-1117.  
 
Osland, M.J., Spivak, A.C., Nestlerode, J.A., Lessmann, J.M., Almario, A.E., Heitmuller, P.T., 

Russell, M.J., Krauss, K.W., Alvarez, F., Dantin, D.D., Harvey, J.E., From, A.S., 
Cormier, N., and Stagg, C.L. 2012. Ecosystem Development After Mangrove Wetland 
Creation: Plant-Soil Change Across a 20-Year Chronosequence. Ecosystems 15, 848-866.  



 

 56 

 
Osland, M.J., Enwright, N., Day, R.H., and Doyle, T.M. 2013. Winter Climate Change and 

Coastal Wetland Foundation Species: Salt Marshes vs. Mangrove Forests In The 
Southeastern United States. Global Change Biology 19 (5), 1-13.  

 
Osland, M.J., Day, R.H., Larriviere, J.C. and From, A.S. 2014. Aboveground Allometric Models 

for Freeze-Affected Black Mangroves (Avicennia germinans): Equations for a Climate 
Sensitive Mangrove-Marsh Ecotone. PLOS ONE 9 (6), 1-7.  

 
Pendleton, L.H., Sutton-Grier, A.E., Gordon, D.R., Murray, B.C., Victor, B.E., Griffis, R.B., 

Lechuga, J.A.V., and Giri, C. 2013. Considering “Coastal Carbon” in Existing U.S. 
Federal Statutes and Policies. Coastal Management 41, 439-456.  

 
Pendleton, L., Donato, D.C., Murray, B.C., Crooks, S., Jenkins, W.A., Sifleet, S., Craft, C., 

Fourquerean, J.W., Kauffman, J.B., Marba, N., Megonigal, P., Pidgeon, E., Herr, D., 
Gordon, D., and Baldera, A. 2012. Estimating Global “Blue Carbon” Emissions from 
Conversion and Degradation of Vegetated Coastal Ecosystems. PLOS ONE 7 (9), 
e43542.   

 
Perry, C.L., and Mendelssohn, I.A. 2009. Ecosystem Effects of Expanding Populations of 

Avicennia Germinans in a Louisiana Salt Marsh. Wetlands 29 (1), 396-406.  
 
Ross, M.S., Ruiz, P.L., Telesnicki, G.J., and Meeder, J.F. 2001. Estimating above-ground 

biomass and production in mangrove communities of Biscayne National Park, Florida 
(U.S.A.). Wetlands Ecology and Management 9, 27-37.  

 
Saenger, P., and Snedaker, S.C. 1993. Pantropical trends in mangrove above-ground biomass and 

annual litterfall. Oecologia 96, 293-299.  
 
Saintilan, N., Wilson, N., Rogers, K., Rajkaran, A., and Krauss, K.W. 2014. Mangrove 

Expansion and Salt Marsh Decline at Mangrove Poleward Limits. Global Change 
Biology 20 (1), 147-157.  

 
Sánchez, B.G. 2005. Belowground Productivity of Mangrove Forests in Southwest Florida. 

P.h.D. Dissertation. Louisiana State University, Department of Oceanography and 
Coastal Sciences, Baton Rouge, LA.  

 
Schlesinger, W.H. 1977. Carbon Balance in Terrestrial Detritus. Annual Review of Ecology and 

Systematics 8, 51-81. 
 
Schmidt, F.L. and Hunter, J.E. 1977. Development of a general solution to the problem of 

validity generalization. Journal of Applied Psychology 62, 529-540.  
 
Sifleet, S., Pendleton, L., and Murray, B.C. 2011. State of the Science on Coastal Blue Carbon: 

A Summary for Policy Makers. Nicholas Institute for Environmental Policy Solutions 
Report. NI R 11-06.  



 

 57 

 
Smith, C.G., and Osterman, L.E. 2014. An evaluation of temporal changes in sediment 

accumulation and impacts on carbon burial in Mobile Bay, Alabama, USA. Estuaries and 
Coasts 37, 1092-1106.  

 
Smith, K.K., Good, R.E. and Good, N.F. 1979. Production Dynamics for Above and 

Belowground Components of a New Jersey Spartina alterniflora Tidal Marsh. Estuarine 
and Coastal Marine Science 9, 189-201.  

 
Smith, T.J. and Whelan, K.R.T. 2006. Development of allometric relations for three mangrove 

species in South Florida for use in the Greater Everglades Ecosystem restoration. 
Wetlands Ecology and Management 14, 409-419.  

 
Sutton-Grier, A.E., Moore, A.K., Wiley, P.C., and Edwards, P.E.T. 2014. Incorporating 

ecosystem services into the implementation of existing U.S. natural resource management 
regulations: Operationalizing carbon sequestration and storage. Marine Policy 43, 246-
253.  

 
Sutton-Grier, A.E., and Moore, A. 2016. Leveraging Carbon Services of Coastal Ecosystems for 

Habitat Protection and Restoration. Coastal Management 44 (3), 259-277. 
 
Turner, R.E., and Gosselink, J.G. 1975. A note on standing crops of Spartina alterniflora in 

Texas and Florida. Contributions in Marine Science 19, 113-118.  
 
Turner, R.E., Swenson, E.M., Milan, C.S., Lee, J.M., and Oswald, T.A. 2004. Below-ground 

biomass in healthy and impaired salt marshes. Ecological Research 19, 29-35.  
 
Williamson, G.J., Boggs, G.S., and Bowman, D.M.J.S. 2011. Late 20th century mangrove 

encroachment in the coastal Australian monsoon tropics parallels the regional increase in 
woody biomass. Regional Environmental Change 11, 19-27.  

 
Yando, E.S., Osland, M.J., Willis, J.M., Day, R.H., Krauss, K.W. and Hester, M.W. 2016. Salt 

marsh-mangrove ecotones: using structural gradients to investigate the effects of woody 
plant encroachment on plant-soil interactions and ecosystem carbon pools. Journal of 
Ecology 104 (4), 1020-1031.  

 
Yoskowitz, D., and Russell, M. 2015. Human Dimensions of Our Estuaries and Coasts. Estuaries 

and Coasts 38, 1-8.  
 



 

 58 

 

 

 

 

 

 

 

 

CHAPTER III 

 

Operationalizing Blue Carbon in the Mission-Aransas National Estuarine Research 

Reserve, TX: Challenges and Opportunities 
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I. INTRODUCTION 

I.A. Purpose  

 This study is an assessment of potential changes in wetland habitat structure, functions, 

and services at the local level due to changes in habitat distribution as a result of climate change. 

Research was conducted within the Mission-Aransas National Estuarine Research Reserve 

(NERR), TX, USA. In addition to better understanding the change in ecosystem service 

provision at the local level, this research also addresses management concerns and priorities of 

the Mission-Aransas NERR including the incorporation of ecosystem services into management 

and decision making and the inclusion of climate change in the research process. Effective 

protection and restoration of wetlands depends on understanding how wetland communities 

function (Bertness et al. 2001). 

I.B. Objective 

 The main objective of this research is to characterize the carbon storage function of 

coastal wetland habitats (specifically salt marshes and mangroves) within the Mission-Aransas 

NERR and use this knowledge to assess potential changes in the provision of ecosystem services 

such as climate change regulation and storm protection.  

I.C. Research Questions 

• How will potential changes in land cover affect the functioning of coastal wetlands 

within the Mission-Aransas NERR? 

• How does this potential difference in functioning of wetland habitats within the Mission-

Aransas NERR relate to the supply and resilience of ecosystem services?	

 

II. BACKGROUND AND RELEVANCE 

II.A. Global Change in Species Distribution  
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 Climate change is affecting species distributions across the globe (Chen et al. 2011). 

Evidence suggests that species are shifting their ranges to higher latitudes (Parmesan and Yohe 

2003) and elevations and that this shift is related to changing climate regimes (Walther et al. 

2002). This range shift has been documented for a variety of species including algae, vascular 

plants, molluscs, crustaceans, fishes, and mammals, and is often correlated with increasing 

temperatures (Lenoir and Svenning, 2015).  

II.B. Mangrove Range Expansion 

 Mangroves are tropical species but are also found at subtropical latitudes (Sharma et al. 

2014). Recently, mangroves have been expanding into salt marshes at many locations in both 

hemispheres (Saintilan et al. 2014). This expansion is occurring in New Zealand, Australia, 

South Africa, Japan, Brazil, and the United States (Bulmer et al. 2016; Saintilan et al. 2014).  

II.C. Mangrove Expansion in the Northern Gulf of Mexico 

 Mangroves are considered early indicators of global climate change effects (Evans et al. 

2012). In the northern Gulf of Mexico, mangroves are projected to expand their range northward 

due to increasing winter temperatures associated with climate change (Osland et al. 2013; 

Comeaux et al. 2012; Perry and Medelssohn 2009). Mangrove expansion into salt marsh habitat 

is an example of woody encroachment, also known as densification, where woody vegetation 

replaces forbs and grasses (Armitage et al. 2015). The expansion of mangroves in the northern 

Gulf of Mexico is expected to be at the expense of salt marshes, upland habitats, and/or tidal 

freshwater wetlands (Osland et al. 2014).  

 Salt marsh is the dominant intertidal habitat along the Gulf coast (Bertnness et al. 2001). 

Salt marsh and mangrove species co-occur in the northern Gulf of Mexico in Florida, Louisiana, 

and Texas (Perry and Medelssohn 2009). Throughout the northern Gulf of Mexico, there has 
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been a notable increase in mangrove coverage (Armitage et al. 2015). There has been a transition 

from Spartina alterniflora salt marshes to Avicennia germinans mangrove forests in certain 

regions of coastal Louisiana (Perry and Mendelssohn 2009). Avicennia germinans populations 

are extensive near Grand Isle, Louisiana and south of Leeville, Louisiana and have been present 

at these locations since the 1940s (Perry and Mendelssohn 2009). At sites near Leeville, 

Louisiana, Avicennia germinans expansion into Spartina alterniflora habitat has been 

documented since the mid 1990s (Perry and Mendelssohn 2009). Recent work has also shown an 

expansion of mangroves into salt marshes in Florida, near the latitudinal limit of mangroves. For 

example, a location within the Tampa Bay area was formerly a Juncus roemerianus-dominated 

system, but has transitioned to a mangrove-dominated system since the 1870s (Raabe et al. 

2012).  

II.D. Mangrove Expansion in Texas 

 Mangroves have existed in Texas since at least the mid 1850s (Sherrod and McMillan 

1981). There are several major concentrations of mangroves along the Texas coast: at Cavallo 

Pass, on Harbor Island, and near the Port Isabel-South Bay area (Everitt et al. 1996; Sherrod and 

McMillan 1981). These areas of major mangrove concentration are similar because they are all 

on low relief islands or shorelines landward of a barrier island near major passes that connect to 

the Gulf of Mexico (Sherrod and McMillan 1981). Thus, they occupy low-energy environments 

that receive regular tidal flushing.  

 These concentrations of mangroves in Texas expand and contract throughout time 

(Sherrod and McMillan 1981). Mangrove expansion and contraction has been documented along 

the Coastal Bend of Texas in areas such as Cavallo Pass in Calhoun County and Harbor Island in 

Nueces County (Comeaux et al. 2012). Two recent severe freeze events (in 1983 and 1989) were 
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documented to negatively impact mangrove extent in Texas (Everitt et al. 2010). In general, 

Texas mangroves have recovered from these freeze events. As of 2009, individual mangroves 

within mature mangrove stands near Harbor Island had reached heights equal to one to two 

meters, whereas trees near Galveston were equal to less than one meter in height (Comeaux et al. 

2012). 

 An increase in mangrove coverage throughout the Texas coast is documented in several 

publications (Armitage et al. 2015; Bianchi et al. 2013; Montagna et al. 2011; Everitt et al. 

2010). At a couple of sites on South Padre Island, black mangroves have increased their 

coverage from 77 and 467 percent between 1976 and 2002 (Everitt et al. 2010). This increase in 

mangrove coverage in the South Padre area is attributed to a conversion from salt marsh  to 

mangrove (Armitage et al. 2015). Harbor Island represents one of the densest mangrove 

populations in Texas (Montagna et al. 2011). Here, mangroves have more than doubled in areal 

extent between 1930 and 2004 (Montagna et al. 2011). The gain of mangrove coverage on 

Harbor Island and in the Port Aransas/Mustang Island area is attributed to a transition from salt 

marsh and other wetland habitat types (Armitage et al. 2015). Between 1967 and 2008, 

mangroves on Mud Island have also expanded (Bianchi et al. 2013). On a regional scale, 

Armitage et al. (2015) found that Texas mangroves increased 74% from 1990 to 2010 and that 

most of this gain in mangrove coverage was a result of conversion from upland and salt marsh 

habitat.  

II.E. Texas Mangrove-Marsh Ecotone 

 Salt marshes and mangroves co-occur in the temperate-tropical climatic zone (Yando et 

al. 2016; Stevens et al. 2006). This zone is referred to as a mangrove-marsh ecotone. Some 

researchers argue that ecological resilience within the mangrove-marsh ecotone could be greater 
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than nearby areas dominated by one habitat type or the other (Osland et al. 2014). This potential 

for enhanced ecological resilience could translate to increased provision of ecosystem services.  

 Mangroves in Texas exist near their northern range limit, where severe freeze events 

cause mangrove mortality and structural damage to their aboveground biomass (Osland et al. 

2014). In response to freeze-related structural damage, surviving mangroves undergo basal 

resprouting, which results in mangroves that are shorter, wider, multi-stemmed, and more shrub-

like than their tropical counterparts (Osland et al. 2014). Mangrove height, biomass, and net 

primary productivity decrease with increasing latitude (Morrisey et al. 2010); therefore, 

subtropical and temperate mangroves are often referred to as dwarf or scrub mangroves.  

 Scrub mangroves in Texas are predominantly of the species Avicennia germinans, also 

known as black mangrove, which is the most cold tolerant of all mangrove species (Osland et al. 

2014). Rhizophora mangle, red mangrove, is another mangrove species found in Texas, but its 

northern range limit is south Texas (Montagna et al. 2011) where it has been documented to 

occur in low numbers (Evans et al. 2012).  

 Different vegetation types characterize salt marshes on the upper and lower Texas coast 

(Brown et al. 1976). There are extensive marshes along the upper Texas coast, whereas sparse 

marshes, wind-tidal flats, and seagrass meadows characterize the lower Texas coast (Brown et al. 

1976). Texas salt marshes exhibit elevational plant zonation and are categorized as low, middle, 

and high marsh. The dominant low marsh species is Spartina alterniflora; the dominant middle 

marsh species is Batis maritima and/or Salicornia depressa; and the dominant high marsh 

species is Spartina patens and/or Borrichia frutescens (Guo et al. 2013).  

 Within the Mission-Aransas NERR, salt marshes at low elevations are dominated by 

Spartina alterniflora, but Batis maritima, Salicornia bigelovii, Salicornia perennis, and Spartina 
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spartinae are also found (Evans et al. 2012). At higher elevations, Distichlis spicata, Batis 

maritima, Borrichia sp., Monanthochloe sp., Suaeda sp. are found (Evans et al. 2012).  

 In the northern portion of the Mission-Aransas NERR, near Sundown Bay, the salt marsh 

vegetation communities are characterized by fringing bands of Spartina alterniflora (Zeug et al. 

2007) and are dominated by marsh species such as Batis maritima, Salicornia spp. and 

Monanthochloe littoralis (Darnell and Smith 2004). Just southwest of and outside the Mission-

Aransas NERR boundary, in the Nueces Marsh, the most common marsh species are Borrichia 

frutescens, Salicornia virginica, Batis maritima, Distichlis spicata, Spartina alterniflora, Lycium 

carolinianum, Salicornia bigelovii, Monanthochloe littoralis, and Suaeda linearis (Rasser et al. 

2013).  

III. STUDY SITE 

 The Mission-Aransas NERR is located in Texas and is one of five National Estuarine 

Research Reserves (NERRs) in the Gulf of Mexico. There are a total of 28 coastal sites that 

make up the NERR System, all of which are tasked with promoting and conducting research and 

monitoring to address management issues and needs. The Mission-Aransas NERR was chosen as 

the study site because of the abundance of mangroves within the NERR, in addition to the 

availability of long-term data.  

 Mangrove habitat has been increasing within the Mission-Aransas NERR in the recent 

past. Thus, this site serves as a good case study to compare potential differences in the ecosystem 

functions and services provided by mangrove and salt marsh habitats. Additionally, staff at the 

Mission-Aransas NERR are interested in incorporating ecosystem services into their 

management practices.  
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 The Mission-Aransas NERR consists of approximately 75,000 hectares, most of which is 

state-owned coastal habitat (Morehead et al. 2007). Included within the Mission-Aransas NERR 

are the Aransas National Wildlife Refuge, the Redfish Bay State Scientific Area, and Goose 

Island State Park (Figure 1). The Mission-Aransas NERR’s watershed has low human population 

levels compared to the rest of Texas (Morehead et al. 2007) and is less impacted by urbanization 

and industrialization.  

 
Figure 3.1. Map of Mission-Aransas NERR boundary and major landmarks and bay systems.  
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IV. METHODS 

IV.A. Overview 

 A meta-analysis of standing carbon stocks of salt marshes and mangroves in the northern 

Gulf of Mexico states of Texas, Louisiana, Mississippi, Alabama, and Florida was conducted 

(see Chapter II). A subset analysis was conducted on data representing salt marshes and 

mangroves in Texas in order to characterize the carbon storage function of coastal wetland 

habitats within the Mission-Aransas NERR, TX. A literature review was conducted to fill data 

gaps identified as part of the subset analysis. Salt marsh and mangrove habitats were mapped and 

areal extent within the Mission-Aransas NERR was calculated using ArcMap©. Scenarios were 

developed to assess potential changes in carbon storage assuming a change from salt marsh-

dominated to mangrove-dominated habitat within the Mission-Aransas NERR.  

 Changes in habitat type, structure, and carbon storage were linked to ecosystem services 

such as climate regulation and storm protection. Climate regulation has been identified as a top 

ranked ecosystem service provided by wetland habitats in the local area (Hutchison et al. 2013). 

Storm protection has also been identified as one of the most important ecosystem services 

provided by mangroves and marshes in the Gulf of Mexico region (Carollo et al. 2013; 

Yoskowitz et al. 2010).  

IV.B. Habitat Mapping 

 Current habitat extent of salt marshes and mangroves in the study area was calculated in 

ArcMap© 10.0 using U.S. Fish and Wildlife Service (USFWS) National Wetlands Inventory 

(NWI) data and National Oceanic and Atmospheric Administration (NOAA) Benthic Habitat 

Atlas (BHA) data. NWI data were obtained from the USFWS’s Wetlands Inventory website and 

BHA data were obtained from NOAA’s Gulf of Mexico Data Atlas website in September 2016.  
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 Using NWI data, salt marsh extent was calculated using the Estuarine Intertidal Emergent 

(E2EM) classification and mangrove extent was calculated using the Estuarine Intertidal Scrub 

Shrub Broad-leaved Evergreen (E2SS3) classification. NWI mangrove data were supplemented 

with Texas mangrove data from the NOAA BHA data. A new mangrove dataset was created 

using the update tool in ArcMap© 10.0, where NWI data were used as the input layer and BHA 

data were used as the update layer. The erase tool was then used to update the salt marsh extent 

layer based on areas determined to be mangrove. Final salt marsh and mangrove datasets were 

clipped to the Mission-Aransas NERR boundary.  

IV.C. Carbon Storage Estimation 

 For the purpose of this study, carbon storage is divided into three compartments: 

aboveground biomass (AGB), belowground biomass (BGB), and soil carbon (SC). Aboveground 

biomass is defined as vegetation above the soil level and includes leaves, flowers, stems, 

branches, and trunks. Belowground biomass is defined as roots and rhizomes, and soil carbon is 

defined as carbon stored in belowground particulate organic matter. To obtain estimates of 

carbon storage within biomass and soil organic matter, a conversion factor of 0.4 was applied to 

aboveground and belowground biomass values and 0.45 to soil organic matter values (Cebrian 

1999; Schlesinger 1977). All data were standardized to grams of carbon per square meter. 

Belowground biomass and soil carbon data were standardized to 20 cm depth.  

 A subset analysis of data collected for Chapter II was conducted to identify scientific 

publications that have documented carbon storage in Texas salt marshes and mangroves. In order 

to be included in our analysis, data had to be directly measured by the authors (as opposed to 

estimated). We were unable to identify mangrove carbon storage data collected in Texas that had 

been directly measured by the authors. A common and accurate method used to quantify carbon 
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stock of trees is the use of models (also known as allometric equations) to predict biomass, 

which can be converted to a carbon stock value using a biomass to carbon conversion factor 

(Njana et al. 2015). Therefore, we utilized this type of model to estimate mangrove aboveground 

biomass in the study area.  

 The Mission-Aransas NERR collects mangrove data as part of their annual vegetation 

monitoring. These data were used to estimate mangrove aboveground biomass using an 

allometric equation developed by Osland et al. (2014). Allometric equations establish a 

relationship between easily measurable metrics and other metrics that are harder to measure 

(Smith and Whelan 2006).   

 To develop an allometric equation to estimate mangrove biomass, tree parameters are 

measured, and the tree is then harvested, weighed, and dried to a constant weight. Allometric 

equations are then developed based on tree parameters measured prior to the destructive 

harvesting of the tree.  

 Osland et al. (2014) developed allometric equations to estimate the aboveground biomass 

of stunted mangroves in the northern Gulf of Mexico using several predictive factors, including 

plant volume, height, area, and diameter. To estimate aboveground biomass, Osland et al. (2014) 

suggested the use of an allometric equation that utilizes plant volume measurements (crown 

diameter and plant height). However, we used a lesser-preferred allometric equation also 

developed by Osland et al. (2014) that uses height as a predictor of aboveground biomass 

because the Mission-Aransas NERR does not collect data to calculate mangrove plant volume in 

meter-squared plots. The equation developed by Osland et al. (2014) is as follows:  

 
ln 𝑦 =  −13.1805+ 3.9734 ∗ ln(ℎ) 
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where y is aboveground biomass in grams, and ℎ is mangrove height in centimeters. A correction 

factor (CF) was applied to the back-transformed estimates of aboveground biomass to correct for 

an underestimation that results from taking antilogs of transformed data (see Beauchamp and 

Olson 1973 as per Osland et al. 2014):  

 
𝑦 =  exp −13.1805+ 3.9734 ∗ ln ℎ ∗  𝐶𝐹 

 
where CF = 1.2879.  

 Mangrove vegetation monitoring within the Mission-Aransas NERR has been conducted 

on Harbor Island since 2013. Data are collected in late September or early October between 2013 

and 2016. We used the most current, publicly available data (collected in 2015) to estimate 

mangrove aboveground biomass.  

 There are five transects on Harbor Island (Figure 3.2). Each transect consists of four 

10x10 meter plots. Within each 10x10 meter plot are three 1x1 meter subplots. Data collected 

within these subplots includes: percent cover and the following measurements for each mangrove 

plant within the subplot: whether the plant is branching or nonbranching, trunk diameter (at 2 cm 

above sediment), and canopy height. When an individual mangrove has multiple stems, height is 

measured only on the tallest stem. If the subplot is densely inhabited, only half the plot is 

sampled. 

 The height data of mangroves within the 1x1 meter subplots was used to estimate 

mangrove aboveground biomass within each subplot. If measurements from only half the subplot 

were taken, the value obtained for the subplot was multiplied by two. Subplots that were in the 

water (n = 3) were excluded from analysis. The average aboveground biomass of all 1x1 meter 

mangrove subplots was then calculated.  
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 Belowground biomass often has to be estimated due to a lack of belowground biomass 

data, which results from methodological difficulties associated with obtaining belowground 

biomass estimates (Njana et al. 2015; Alongi 2014; Rivera-Monroy et al. 2013; Bouillon et al. 

2008). One method used to estimate belowground biomass is to base belowground biomass 

estimates on root-to-shoot ratios. Thus, if aboveground biomass is known, belowground biomass 

can be estimated. Therefore, the aboveground biomass value was used to estimate a possible 

range of belowground biomass values based on root-to-shoot ratios of temperate and subtropical 

mangroves obtained from the literature (Table B.3). Soil carbon was not estimated due to lack of 

data within the literature.  

 
Figure 3.2. Map and schematic of mangrove transects, plots, and subplots at Harbor Island, in the 
Mission-Aransas NERR. Schematic recreated from the Mission-Aransas NERR vegetation 
monitoring protocol document.  
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IV.D. Scenario Development 

 Scenarios were developed to depict a range of possible future outcomes regarding a 

change of carbon storage within the Mission-Aransas NERR based on a transition from salt 

marsh to mangrove habitat. Research indicates that salt marsh habitat is converting to mangrove 

habitat within the study area (Armitage et al. 2015; Osland et al. 2014). We provide estimates of 

potential future carbon storage based on a change of mangrove coverage within the Mission-

Aransas NERR from the current coverage value of 11% to 25%, 50%, and 100%.  

 The possibility that any specific future scenario might occur is highly uncertain. 

Uncertainty stems from a lack of research in the study area and a lack of understanding regarding 

how habitat coverage might change over time. Our scenarios are based on several assumptions, 

including: 1) coastal salt marshes are being replaced by black mangroves in the study area 

(Brown et al. 2016; Armitage et al. 2015), 2) coastal salt marshes in the Mission-Aransas NERR 

are dominated by Spartina alterniflora but also contain other species types (Yando et al. 2016; 

Evans et al. 2012; Zeug et al. 2007; Darnell and Smith 2004; Brown et al. 1976), and 3) different 

areas of the same habitat type within the Mission-Aransas NERR sequester and store carbon at 

the same rate and capacity.   

V. RESULTS  

 According to the datasets used, there are approximately 6,050 hectares of salt marsh and 

719 hectares of mangrove in the Mission-Aransas NERR. Most mangroves are found at the 

southern extent of the Mission-Aransas NERR boundary on Harbor Island (Figure 3.3). There 

are also a substantial amount of mangroves on Mud, Shellbank, Traylor, and Talley Islands. 

Further north, there are some mangroves on Goose Island, near Goose Island State Park. There 

are also mangroves at Webb Point on the western side of San Antonio Bay at the edge of the 
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Mission-Aransas NERR boundary. In addition to these larger areas of mangroves, there are 

smaller areas of mangroves peppered throughout the study area on small islands and along the 

margins of barrier islands and the mainland.  

 
Figure 3.3. Salt marsh and mangrove distribution in the Mission-Aransas NERR. 
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V.A. Estimating Carbon Storage of Texas Salt Marshes  

 Six publications were identified that have quantified carbon storage in Texas salt marshes 

between the years of 1975 and 2014. From those six publications, 50 values were obtained: 30 

for aboveground biomass, 18 for belowground biomass, and two for soil carbon (Table B.1). The  

locations of these values were spread out along the Texas coast, from the Texas Coastal Bend 

northward (Figure 3.4).  

 

Figure 3.4. Distribution of salt marsh carbon storage data in Texas and within the Mission-
Aransas NERR.  
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alterniflora-dominated sites (AGB_S), and the other 12 samples represent salt marshes 

dominated by Spartina alterniflora that also include Salicornia virginica and Salicornia bigelovii 

(AGB_S+). We assessed the difference between aboveground biomass of salt marshes that 

contain different vegetation types because marshes in Central and South Texas are generally 

dominated by succulent forb species that have lower aboveground biomass than salt marshes 

comprised of grass species, such as Spartina alterniflora (Yando et al. 2016; Brown et al. 1976).  

 The mean aboveground biomass value for salt marshes is 905 g m-2 (362 gC m-2). 

However, if we assess the aboveground biomass data by species type, the mean aboveground 

biomass value is 1,095 g m-2 (438 gC m-2) for Spartina alterniflora dominated sites and 620 g m-

2 (248 gC m-2) for salt marshes dominated by Spartina alterniflora, but that also include 

Salicornia virginica and Salicornia bigelovii (Table 3.1). 

 All belowground biomass and soil carbon data represent salt marshes dominated by 

Spartina alterniflora. One soil carbon sample represents a Spartina alterniflora-dominated 

habitat that also includes Batis maritima, Salicornia virginica, and Grindelia sp.. The other soil 

carbon sample represents a Spartina alterniflora-dominated habitat that also includes Distichlis 

spicata and Batis martima.  

 Six of the 50 data points were collected within the Mission-Aransas NERR boundary 

(Figure 3.3) of which two represent aboveground biomass, three represent belowground biomass, 

and one represents soil carbon. The two aboveground biomass data points represent salt marsh 

habitat dominated by Spartina alterniflora with an average aboveground biomass value of 1,432 

g m-2 (573 gC m-2). The belowground biomass data points represent salt marsh habitat dominated 

by Spartina alterniflora with an average belowground biomass value of 3,070 g m-2 (1,228 gC 

m-2). The one soil carbon value within the Mission-Aransas NERR boundary (9,072 gC m-2) 
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represents a Spartina alterniflora-dominated habitat, that also includes Batis maritima, 

Salicornia virginica, and Grindelia sp., respectively.  

Table 3.1. Summary statistics of Texas salt marsh carbon storage data.   
Metric	 Mean	 Median	 Q1	 Q3	 Min	 Max	 Outliers	 n	 Outliers	

(gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (#)	 (#)	 (gC	m-2)	

AGB	 362	 300	 225	 436	 182	 920	 2	 30	 840,	
920	

AGB_S	 438	 373	 274	 520	 221	 920	 1	 18	 920	
AGB_S+	 248	 223	 196	 307	 182	 355	 0	 12	 -	
BGB	 1602	 1704	 859	 2296	 276	 2817	 0	 18	 -	
SC	 8222	 8222	 7371	 9072	 7371	 9072	 0	 2	 -	

Aboveground biomass (AGB), aboveground biomass_Spartina alterniflora dominated (AGB_S), aboveground biomass_Spartina alterniflora 
dominated including other species (AGB_S+), belowground biomass (BGB), and soil carbon (SC).  
 

V.B. Estimating Carbon Storage of Texas Black Mangroves 

 No publications were identified that quantified carbon storage of Texas mangroves 

according to the parameters of our search requirements. Thus, we estimated mangrove 

aboveground biomass on Harbor Island using data collected by the Mission-Aransas NERR. The 

mean mangrove aboveground biomass was estimated to be 841 g m-2, equivalent to an average 

mangrove aboveground carbon storage value of 336 gC m-2 (Table 3.2).  

 
Table 3.2. Summary statistics of Texas mangrove carbon storage data.   
Metric	 Mean	 Median	 Q1	 Q3	 Min	 Max	 Outliers	 n	 Outliers	

(gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (gC	m-2)	 (#)	 (#)	 (gC	m-2)	

AGB	 336	 257	 138	 467	 28	 1567	 3	 57	
110075,	
1112,	
1567	

 

 To estimate mangrove belowground biomass, we conducted a literature search to identify 

root-to-shoot ratios of temperate and subtropical mangroves. Most of this type of research has 

been conducted in Australia and New Zealand, where mangroves exist at their southernmost 

limit (Burns and Ogden 1985). Root-to-shoot ratios of these temperate and subtropical 

mangroves vary widely, ranging from 0.36 to 6.6 (Table B.3) with an average root-to-shoot ratio 
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of approximately 1.75. The variation in root-to-shoot ratios is attributed to distance to the 

seaward edge (Bulmer et al. 2016), hydroperiod, mangrove age (Castaneda-Moya et al. 2011; 

Odum et al. 1982), and species composition (Castaneda-Moya et al. 2011).  

 Based on the data collected, the average root-to-shoot ratio of Avicennia-dominated 

habitat is approximately 1.9, but is equal to approximately 2 for habitat that only contains the 

genus Avicennia. Bulmer et al. (2016) documented average root-to-shoot ratios equal to 2.2 and 

2.3 near Whangamata and Tairua, New Zealand, an area that represents mangroves existing at 

their latitudinal limit (Table B.3). Mangroves in Texas also exist at their latitudinal limit, and 

much like mangroves in Texas, mangroves in New Zealand are expanding their range, which is 

partially attributed to increasing average temperatures (Stokes et al. 2010; Burns and Ogden 

1985).  

 We considered using an average of the root-to-shoot ratios documented for Whangamata 

and Tairua, New Zealand (which is equal to 2.25). Multiplying this root-to-shoot ratio by our 

mangrove aboveground biomass estimate gives us a mangrove belowground biomass estimate of 

1,892 g m-2. This value is much less than the 4,004 g m-2 of belowground biomass in Texas salt 

marshes and the 5,084 g m-2 of belowground biomass in Avicennia germinans-dominated habitat 

in Florida (see Chapter II). The large difference between belowground biomass estimates from 

New Zealand and Florida indicated that estimates may not accurately reflect actual belowground 

biomass values and were not used to estimate mangrove belowground biomass in the Mission-

Aransas NERR. Instead, we applied the range of root-to-shoot ratios collected via literature 

review to our mangrove aboveground biomass estimates. Thus, the estimated range of mangrove 

belowground biomass is 303 g m-2 to 5,551 g m-2. This is equivalent to an estimated range of 

mangrove belowground carbon storage of 121 gC m-2 to 2,218 gC m-2. 
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V.C. Change in Carbon Storage in the Mission-Aransas NERR Based on Scenarios  

 Several estimates of potential future carbon storage within the Mission-Aransas NERR 

are provided based on a change of mangrove coverage from 11% to 25%, 50%, and 100% (Table 

3.3). Currently, aboveground carbon storage in the Mission-Aransas NERR is estimated to be 

17,418 MgC. If all the salt marsh habitat within the Mission-Aransas NERR converted to 

mangrove habitat, aboveground carbon storage would increase by 5,324 MgC to 22,742 MgC.  

 

Table 3.3. Estimates of aboveground carbon storage within the Mission-Aransas NERR. 
Current	Condition	

		 Acres	 Percent	Total	Acreage	 AGB	Carbon	Storage	(MgC)	
Salt	Marsh	 14,949	 89	 15,003	
Mangrove	 1,776	 11	 2,415	
Total	 16,725	 100	 17,418	

Scenario	1	
		 Acres	 Percent	Total	Acreage	 AGB	Carbon	Storage	(MgC)	
Salt	Marsh	 12,544	 75	 12,589	
Mangrove	 4,181	 25	 5,685	
Total	 16,725	 100	 18,275	

Scenario	2	
		 Acres	 Percent	Total	Acreage	 AGB	Carbon	Storage	(MgC)	
Salt	Marsh	 8,363	 50	 8,393	
Mangrove	 8,363	 50	 11,371	
Total	 16,725	 100	 19,764	

Scenario	3	
		 Acres	 Percent	Total	Acreage	 AGB	Carbon	Storage	(MgC)	
Salt	Marsh	 0	 0	 0	
Mangrove	 16,725	 100	 22,742	
Total	 16,725	 100	 22,742	

 

VI. DISCUSSION 

VI.A. Summary of Findings 

 Scenario development was able to be conducted only for change in aboveground carbon 

storage due to lack of data for mangrove belowground biomass and salt marsh and mangrove soil 

carbon data. Texas salt marsh biomass allocation is well studied, but there is a need for more soil 

organic matter research. For the data that is available, carbon storage in salt marsh soil is greater 
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than belowground and aboveground biomass. Texas mangrove biomass allocation and soil 

organic matter studies are relatively scarce. However, research on Texas mangrove biomass, 

distribution, and change in coverage over time are active areas of research due to the 

implications associated with mangrove expansion in the northern Gulf of Mexico. There are 

several recently conducted studies, representing published and unpublished data sources, against 

which we can compare the results of this study. 

 Recently, a paper published by Yando et al. (2016) assessed aboveground biomass and 

soil carbon storage in salt marshes and mangroves at three locations across the northern Gulf of 

Mexico. One site was located in Texas on Harbor Island, near the sites used to estimate 

mangrove aboveground biomass in this study. Yando et al. (2016) took samples of plots 

representative of the range of mangrove heights documented on Harbor Island. They then used 

the preferred allometric equation developed by Osland et al. (2014) to estimate aboveground 

biomass of the mangroves sampled. Yando et al. (2016) applied a carbon conversion factor  

similar to the one used in this study and derived an average mangrove aboveground carbon 

storage value of approximately 1,305 gC m-2. This value is much greater than the 336 gC m-2 

value calculated in this study. This difference could be due to the wide range of mangrove sizes 

sampled by Yando et al. (2016) in addition to the use of the more preferred allometric equation 

from the Osland et al. (2014) study.  

 Yando et al. (2016) documented that aboveground biomass and soil carbon pools were 

higher in mangroves than salt marshes near our study site. Yando et al. (2016) also documented a 

positive relationship between Texas mangrove soil carbon storage (within the top 15cm of the 

soil) and both aboveground biomass and height.  
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 Estimates derived from this study and the Yando et al. (2016) study were compared to 

unpublished data collected at five locations within the Mission-Aransas NERR, TX in July 2015 

(Dr. Lee Smee, Texas A&M University-Corpus Christi, pers. comm., September 2016). Salt 

marsh and mangrove aboveground biomass were harvested at Mud Island, Traylor Island, and in 

Turtle Bayou, and only salt marsh aboveground biomass was collected at Grass Island and in 

Sundown Bay in the southern portion of the Aransas Wildlife Refuge (Figure 3.5). The 

mangrove sites sampled are close to Harbor Island where the estimates from this study and from 

Yando et al. (2016) were derived (Figure 3.5). Unpublished estimates of mangrove aboveground 

biomass ranged from approximately 1,750 to 4,750 g m-2, which is equivalent to carbon storage 

values of approximately 700 to 1,900 gC m-2. The average aboveground carbon storage value 

obtained from Yando et al. (2016) of 1,305 gC m-2 is within the range of unpublished data. 

 Based on data from Yando et al. (2016) and unpublished data, it seems that the mangrove 

aboveground carbon storage value of 336 gC m-2 obtained in this study might be an 

underestimate of potential mangrove aboveground carbon storage in the area. This 

underestimation could be due to several factors, including lack of pneumatophore (i.e. aerial 

root) biomass estimation and the potentially smaller size of the mangroves sampled by the 

Mission-Aransas NERR during their annual vegetation monitoring studies. Mangrove 

pneumatophore biomass and the biomass of other species documented within the subplot are not 

accounted for in this study as they were in the unpublished data. Further, data used to derive 

estimates for this study was collected at random sites established by the Mission-Aransas NERR 

staff and do not necessarily represent the range of mangrove sizes the Yando et al. (2016) study 

attempted to capture.  
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 Salt marsh aboveground biomass estimates from unpublished data ranged from 

approximately 400 to 1,250 g m-2, which is equivalent to carbon storage values of approximately 

160 to 500 gC m-2. The values of 248 gC m-2 to 438 gC m-2 (Table 3.1) established by this study 

are within the range of values obtained in unpublished data.  

 
Figure 3.5. Aboveground biomass sampling locations for salt marsh (A and B) and mangrove (B) 
habitats (Unpublished Data, Dr. Lee Smee, Texas A&M University-Corpus Christi). 
 

VI.B. Problems Associated with Operationalizing Ecosystem Services 

 In order to be able to operationalize ecosystem services, we need a better quantitative 

understanding of how salt marshes and mangroves are functioning in Texas. Lack of consensus 

about the quality and quantity of blue carbon ecosystem services is due to uncertainty that stems 
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from a lack of long-term, locally relevant, comprehensive studies on carbon budgets (Rivera-

Monroy et al. 2013). Sources of uncertainty at the local level are exemplified by this study. Thus, 

in an effort to reduce this uncertainty and move toward actually being able to operationalize 

ecosystem services for decision making, efforts to eliminate data gaps should be employed.  

VI.B.1. Data Gaps 

 Mangrove distribution in Texas is fairly well documented (Brown et al. 2016; Comeaux 

et al. 2012; Montagna et al. 2011; Everitt et al. 2010; Everitt et al. 1996; Sherrod and McMillan 

1981), but accurate spatial mapping efforts are scarce. If we are going to be able to understand 

the provision of ecosystem services on a regional scale, we need to have better mangrove 

mapping efforts to utilize as a basis to move forward. Further, we need more data for all 

compartments of carbon storage in mangroves, especially for mangrove belowground biomass 

and soil organic matter. In Texas, there are very few estimates of mangrove aboveground 

biomass (this study and Yando et al. 2016), no estimates of mangrove belowground biomass, and 

some estimates of mangrove soil carbon (for which additional information would need to be 

requested from the authors if this data were to be incorporated into a meta-analysis).   

Mangrove Aboveground Biomass 

 Common methods used to estimate mangrove aboveground biomass include the harvest, 

mean-tree, and allometric methods (Komiyama et al. 2008). To estimate biomass, it is 

recommended that site-specific allometric equations be developed because abiotic conditions can 

create unique characteristics not captured by generic equations (Rivera-Monroy et al. 2013). The 

allometric equations in Osland et al. (2014) were developed for stunted mangroves in Louisiana. 

We suggest the use of the allometric equations developed in Osland et al. (2014) be tested on 

Texas mangroves. If results suggest that the Osland et al. (2014) equation is not applicable to 
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Texas sites, an allometric equation for mangroves in Texas should be developed. Further, 

development of allometric equations that estimate pneumatophore biomass should also be 

considered so that total aboveground biomass at a site is able to be captured.   

 The aboveground biomass estimates produced in this study are most likely 

underestimations. Our estimates do not include pneumatophore biomass. Pneumatophore 

coverage in the 1x1 m subplots ranges from 0% to 45% with average pneumatophore coverage 

of approximately 12% (Figure B.1; Figure B.2; Table 3.2). In order to better estimate mangrove 

aboveground biomass, pneumatophore biomass per subplot could be calculated and incorporated 

into each 1x1 m subplot biomass calculation. Kauffman and Donato (2012) suggest calculating a 

mean mass per pneumatophore and using height to predict biomass. Pneumatophore 

measurements could also be considered for incorporation into the vegetation monitoring protocol 

conducted by the Mission-Aransas NERR.  

Mangrove Belowground Biomass 

 Data for mangrove belowground biomass are scarce (Alongi 2014; Kauffman and Donato 

2012). Although we relied on root-to-shoot estimates to estimate a potential range of 

belowground biomass values, it has been suggested that aboveground biomass is a poor predictor 

of belowground biomass (Bulmer et al. 2016). Thus, there is a need for studies on mangrove 

belowground biomass values in Texas and in the northern Gulf of Mexico if we are to fully 

understand carbon storage in systems where mangroves are expanding into salt marsh habitat. 

The development of root-to-shoot ratios for Texas mangroves should also be considered.  

 Common methods used to quantify mangrove belowground biomass include the soil core 

extraction method, the trench method, and a combination of the soil core and trench methods 

(Njana et al. 2015; Rivera-Monroy et al. 2013). Soil cores produce lower estimates of 
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belowground biomass than trench methods due partially to the fact that soil cores limit the size of 

roots that can be sampled (Castaneda-Moya et al. 2011). However, soil core methods are more 

commonly used due to the relative ease of employing the method compared to the trench (i.e. 

soil pit) method. Njana et al. (2015) propose the use of a root sampling method, which is a 

method used in tropical dry forests.    

 Despite lack of mangrove belowground biomass data in Texas, there is some research 

that provides insight into what we might expect regarding changes in belowground carbon 

storage. Yando et al. (2016) suggest that in a dry climatic zone, characterized by low primary 

productivity and stressed vegetation (e.g. Central Texas), we would expect to see relatively large 

changes in belowground effects due to encroachment of mangroves into salt marsh habitat. 

Further, although there is no research that documents belowground biomass of mangroves in 

Texas, there are several studies that have assessed the belowground biomass of mangroves in 

Florida (Doughty et al. 2016; Castañeda-Moya et al. 2011; Sánchez 2005). The values obtained 

for belowground biomass estimates of mangroves in Florida range from 892 to 15,395 g m-2. 

Sánchez (2005) documented the average belowground biomass of Avicennia germinans-

dominated habitat in Florida to be equal to approximately 5,084 g m-2, which is within the range 

we proposed in this study using root-to-shoot ratios from published studies as a means to 

estimate belowground biomass. Further, it is likely that Avicennia germinans-dominated habitat 

in Texas would have a similar belowground biomass value to values documented by Sánchez 

(2005). However, we acknowledge that many factors affect the belowground biomass of 

mangroves, including nutrient availability, tidal inundation, and salinity (McIver 2008) and that 

the conditions in Texas mangrove habitats are different than the conditions in Florida.  

Salt Marsh and Mangrove Soil Carbon 
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 Soils comprise the largest carbon pool, storing organic matter from dead aboveground 

and belowground matter (Alongi 2014). Unfortunately the carbon storage pools known to 

contain the largest carbon amounts are not well understood. In the northern Gulf of Mexico, most 

mangrove soil carbon data have been collected in Florida and Louisiana. There is only one study 

that has collected salt marsh soil carbon data in Texas (Callaway et al. 1997) and one study that 

documents soil carbon changes in mangroves in Texas (Yando et al. 2016). So, studies on soil 

carbon in Texas salt marshes and mangroves should be conducted if we are to better understand 

total carbon storage in Texas coastal wetlands.  

 Efforts to target peak soil organic matter in Texas coastal wetlands should be conducted 

in the summer or fall. The amount of soil organic matter varies throughout the year. Data in 

McIver (2008) suggest that mangrove sites in Corpus Christi Bay and Redfish Bay, some of 

which are within the study area, generally have the highest amount of soil organic matter during 

the fall, with the exception of Harbor Island, where soil organic matter in mangrove habitat was 

highest during the summer.  

 Although there was not enough data to compare salt marsh and mangrove soil carbon in 

the Mission-Aransas NERR, results from research conducted outside the study area provide 

insight into what might be expected with future mangrove encroachment on salt marsh habitat. 

On the Atlantic coast of Florida, mangroves are also replacing salt marsh habitat. Research 

suggests higher aboveground biomass in these areas, but no significant difference in the amount 

of soil carbon (Doughty et al. 2016). Perry and Mendelssohn (2009) conducted a similar study in 

Louisiana, and did not find a significant difference in soil carbon of mangroves and salt marshes 

there either.  
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 Comeaux et al. (2012) assessed soil organic matter in Texas, but did not provide data in a 

format needed to convert these values to soil carbon. Research by Comeaux et al. (2012) 

suggests that at sites near Port Aransas and Galveston, TX, soil organic matter is not 

significantly different in mangroves and salt marshes. Comeaux et al. (2012) did, however, find a 

significant difference in soil carbon between marshes and mangroves on Mud Island near Port 

Aransas, TX.  

 Further, research from other parts of the world, such as southeastern Australia, 

documents differences in aboveground and belowground carbon storage between salt marshes 

and mangroves (Yando et al. 2016) and suggests a potential for differences in soil carbon 

between these habitat types with continued expansion and growth of mangroves in areas such as 

Louisiana and Texas.  

Improved Mangrove Mapping 

 Mangrove distribution maps need to be created to accurately represent mangrove 

coverage and changes in mangrove coverage over time. Mangroves can be mapped with aerial 

and satellite imagery with high accuracy (Everitt et al. 2010). Several studies have been 

conducted that use color aerial photography to determine mangrove abundance in Texas (Brown 

et al. 2016; Everitt et al. 1996; Sherrod and McMillan 1981). We suggest mapping changes in 

Texas mangrove coverage along the entire Texas coast over a time period that reflects coverage 

prior to the freezes in the 1980s using high resolution data. Some of this work has already been 

conducted for the Cavallo Pass area for the years 1979 to 2013 (Brown et al. 2016).  

 Brown et al. (2016) mapped mangrove habitat just north of the study area, near Espiritu 

Santo Bay, in Texas, and documented approximately 1,200 hectares of mangrove habitat in 

2013, an increase from just over 100 hectares in 2001. At Bayucos Island and in the Back Bay 
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Wetlands in Espiritu Santo Bay, there was a 700 percent gain in mangrove habitat between 2001 

and 2013, increasing at a rate of almost 30 hectares per year. Brown et al. (2016) suggest that 

mangrove habitat in this area is expanding at the expense of low marsh habitat. 

 Mangrove data available to calculate mangrove coverage across the entire state of Texas 

are lacking accuracy. The NWI data represent approximately 1,400 hectares of mangroves along 

the entire Texas coast and the NOAA BHA data represent approximately 1,300 hectares of 

mangroves on the Texas coast. Research conducted by Brown et al. (2016) documented that 

there are approximately 1,200 hectares of mangrove habitat in the Espiritu Santo Bay alone. We 

also know that there were approximately 550 hectares of mangrove on Harbor Island as of 2004 

(Montagna et al. 2011). Thus, we know that there are at least 1,750 hectares of mangrove-

dominated habitat in Espiritu Santo Bay and on Harbor Island. This 1,750 hectares does not 

include the major mangrove dominated areas in South Texas or the smaller areas of mangroves 

peppered throughout coastal Texas.  

 In addition to use of mangrove mapping to estimate mangrove coverage, some mapping, 

such as the use of Lidar, can provide estimates of plant height that can be used to estimate 

aboveground biomass of mangroves using allometric equations. The benefit of using Lidar data 

for this purpose is that collecting data in situ is time consuming and only reflects a small subset 

of the population.  

VI.B.2. Suggestions For Future Research 

 In summary, several research gaps exemplify pathways forward to enhance 

understanding of carbon stock in salt marshes and mangroves in Texas. We suggest mangrove 

aboveground biomass be harvested and relevant metrics tracked to verify the adequate use of the 

Osland et al. (2014) equation for mangroves in Texas. If the allometric equation developed by 
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Osland et al. (2014) does not apply to Texas mangroves, a more location-specific allometric 

equation should be developed. An allometric equation for pneumatophore biomass could also be 

developed. There is also a need for mangrove belowground biomass studies and soil carbon 

studies in both marshes and mangroves. Because most carbon is stored in soil carbon, these data 

gaps should be prioritized. Mangrove mapping across the entire state should also be conducted in 

an effort to estimate mangrove coverage in Texas.  

VI.C. Relevance to Blue Carbon 

 Blue carbon refers to carbon stored in vegetated coastal ecosystems such as marshes, 

mangroves, and seagrass beds (Pendleton et al. 2012). Blue carbon comprises three components: 

carbon sequestered on an annual basis, carbon stored in plant biomass and soil organic matter, 

and carbon emitted. Most carbon is stored in the soils and sediments of these coastal systems 

(Alongi 2014). Thus, if we are to assess the capacity of coastal wetlands to store carbon, we need 

better understanding of this major component of blue carbon.  

 Conversion of coastal ecosystems can lead to the emission of previously sequestered 

carbon stored in biomass and soil organic matter (Pendleton et al. 2012). The release of carbon 

into the atmosphere has climate change implications that are felt worldwide. These effects can be 

reversed through carbon mitigation actions such as the restoration of coastal ecosystems, which 

also serve the purpose of enhancing coastal resilience and replacing lost ecosystem services. 

Because of the recognized value of blue carbon, protection and restoration of coastal habitats is 

becoming increasingly relevant to policy and decision making.  

 NOAA recognizes the importance of coastal habitat carbon services and is currently 

exploring blue carbon policy opportunities in addition to working with partners to educate 

policy- and decision makers and the general public about blue carbon efforts (Sutton-Grier and 
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Moore, 2016). If blue carbon is to be incorporated into policy and decision making, policy 

hurdles such as the need for regionally specific estimates of carbon sequestration, storage, and 

emissions from coastal habitats need to be overcome (Sutton-Grier and Moore, 2016). Our 

research is an attempt to document what we know about carbon storage (one component of blue 

carbon) in Texas salt marshes and mangroves and to highlight data gaps that need to be filled if 

dependable estimates are to be used to guide future decision making.   

 Enhancing understanding of blue carbon also has market implications. Carbon markets 

are emerging. Knowing that salt marshes and mangroves accumulate carbon at different rates has 

implications for how much can be charged in carbon markets and what types of habitats people 

might want to restore when conducting restoration and mitigation projects.  

VI.D. Relevance to Coastal Resiliency  

 Global climate change will affect coastal communities through an accelerated rate of sea 

level rise and through the increase in storm frequency and intensity (IPCC 2007 as per Comeaux 

et al. 2012). These effects will be exacerbated in coastal areas such as Texas, where the rate of 

relative sea level rise is higher than other areas due to subsidence effects (Comeaux et al. 2012). 

This high rate of relative sea level rise in areas such as Texas exacerbates the need for coastal 

resiliency planning.  

 A resilient social-ecological system is a system in which the demands of the social and 

ecological systems are accounted for and able to be sustained into the future. A resilient social-

ecological system must be able to return to a pre-disturbance state following a major disaster, 

such as a hurricane. Many characteristics define a resilient social-ecological system, including 

functional diversity, efficient communication (i.e. high connectivity), and adaptive capacity. The 

more resilient a system is, the quicker it can bounce back to a highly functioning state following 
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a disturbance. Coastal resiliency can be enhanced through the restoration and protection of 

natural systems. Prioritizing which systems to protect or what type of restoration to conduct can 

affect coastal resiliency and the provision of different types of ecosystem services.   

 Quantifying aboveground biomass is not only relevant to understanding carbon storage, 

but is necessary for understanding coastal resiliency and storm protection provided by coastal 

systems (Osland et al. 2014). Coastal wetlands enhance storm protection through their functional 

capacity to resist wave attack, which is related to soil strength and the density and height of plant 

aboveground biomass (Comeaux et al. 2012). Transition to mangrove-dominated habitat has 

implications for protection from storms due to the changes in structure and surface topography. 

For example, the composition of aboveground biomass affects a wetland’s ability to accrete 

sediment. This difference in sediment accumulation rates translates to a difference in resiliency 

in relation to sea level rise and storm protection. Mangroves near Port Aransas, TX have higher 

elevations (by an average of 4 cm) and higher average sediment accumulation rates than 

neighboring salt marshes (Comeaux et al. 2012). Mangroves in Texas also have higher soil 

strength than salt marshes, which translates to more resistance to wave erosion and impacts from 

storms (Comeaux et al. 2012). 

VII. CONCLUSION 

 Conversion from salt marsh to mangrove habitat in the Mission-Aransas NERR, TX will 

likely have positive effects on the aboveground carbon storage potential. The effect of mangrove 

expansion into salt marsh habitat on belowground carbon storage is harder to predict. Thus, there 

is a need for more research on belowground carbon storage potential in mangroves in Texas. It is 

important to study the carbon storage potential of coastal wetlands, not only for enhanced 
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understanding of blue carbon, but also for an enhanced understanding of coastal resiliency and 

potential changes to other ecosystem services.  
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I. INTRODUCTION  

I.A. Purpose  

 Wetlands support highly productive habitats and function at a greater capacity than many 

other habitat types (MEA, 2005b). Wetlands provide many ecosystem services including water 

purification, climate regulation, coastal protection, flood regulation, and recreational 

opportunities (MEA, 2005b). Because of the recognized value of wetlands in protecting water 

quality, the Clean Water Act established the requirement to mitigate impacts to wetlands. 

Wetland mitigation refers to the restoration or protection of “wetlands of an equivalent type and 

function to those being impaired or destroyed” (Hoehn et al. 2003).  

 According to the National Research Council, the goal to increase the quantity and quality 

of wetlands in the U.S. is not being met (Gardner 2011). Further, evidence suggests that wetland 

mitigation policy in Texas is not effective (Gonzalez et al. 2014; Torres, 2013). Because of the 

evidence that wetlands continue to be lost despite regulations to protect them (Dahl and 

Stedman, 2013; Dahl, 1990), an ecosystem services approach is suggested as an innovative way 

to protect wetlands. Several major actions in the recent past specifically include directives to 

consider ecosystem services in regulatory decisions (Presidential Memorandum, 2015; 

Interagency Guidelines, 2013; 33 C.F.R. Part 332, 2008). However, in regard to wetland 

mitigation, it has been suggested that ecosystem services are “unlikely to gain policy traction 

without substantial research into the development of efficient and reliable wetland ecosystem 

service assessment methods” (Ruhl et al. 2009).  

 The goal of this research is to provide context and information to better understand the 

challenges and opportunities involved in incorporating ecosystem services into the wetland 

mitigation framework, specifically on the Texas coast. Benefits of this type of analysis are the 
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recommendation of potential paths forward to achieve policy goals and guidance regarding how 

to incorporate ecosystem services into wetland mitigation.  

This chapter begins with a brief description of wetlands and the ecosystem services 

provided by wetlands. An extensive history of wetland protection and mitigation in the United 

States follows. Because this research focuses on the incorporation of ecosystem services into 

Texas wetland policy and practices, a description of current wetland protection in Texas and in 

the USACE Galveston District of Texas is included. A description of wetland mitigation in other 

states is also included to provide perspective and insight into possible pathways forward for 

enhancing wetland compensatory mitigation in the USACE Galveston District. The final section 

addresses the incorporation of ecosystem services into wetland compensatory mitigation 

including suggestions for the USACE Galveston District and the Texas General Land Office.   

I.B. Research Questions 

1) Is wetland mitigation policy effective in Texas? If not, are there examples of wetland 

mitigation policy that can be incorporated into Texas policy to improve effectiveness?  

2) What are potential benefits and challenges associated with incorporating ecosystem 

services into wetland mitigation policy and practices? Have ecosystem services been 

incorporated into wetland mitigation in the past? If so, what worked? What failed and 

why? 

3) If	 wetland	 policy	 and	 mitigation	 were	 framed	 using	 the	 ecosystem	 services	

approach,	would	they	be	more	effective	at	protecting	ecosystem	resilience?		

II. BACKGROUND AND RELEVANCE 

II.A. Wetlands Defined 
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 Wetlands are lands that occur in the transitional zone between terrestrial and aquatic 

systems (Maltby 2009; Hoehn et al. 2003; Cowardin et al. 1979). The diversity of wetland types 

means that there is “no single, correct, indisputable, ecologically sound” definition of wetlands 

(Cowardin et al. 1979). For regulatory purposes, the U.S. Army Corps of Engineers (USACE) 

defines wetlands as “areas that are inundated or saturated by surface or ground water at a 

frequency and duration sufficient to support, and that under normal circumstances do support, a 

prevalence of vegetation typically adapted for life in saturated soil conditions.”  

 In order to determine whether or not a wetland area requires mitigation for impacts 

associated with development activities, the USACE conducts jurisdictional determinations using 

a delineation manual (USACE, 1987). Jurisdictional determinations establish whether or not a 

wetland will be regulated under Section 404 of the Clean Water Act.   

II.B. Loss of Wetlands 

 Despite legislation and policies to protect wetlands, it is estimated that over 50% of the 

world’s wetlands have been lost, and are continuing to be lost, at an increasing rate (Davidson, 

2014). In the Colonial United States, an estimated 392 million acres of wetlands existed (Dahl, 

1990). Between the 1780s and 1980s, more than half of the original wetland acreage in the lower 

48 states was lost, mostly due to agricultural conversion (Dahl, 1990). In Texas, approximately 

5,400 acres were lost on an annual basis between 1955 and 1992 (Moulton et al. 1997). Because 

of the historic and continued loss of wetlands, mitigation of wetland loss has become an integral 

part of wetland management.  

II.C. Human Use and Perception of Wetlands 

 The conservation and protection of wetlands are affected by how society values wetlands. 

In the historic past, wetlands were viewed as wastelands that hindered productive land use (Dahl, 
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1990). As our understanding of wetland function and value has increased, policies have been 

developed to protect existing wetlands (Ambrose, 2000). For example, the Clean Water Act was 

passed in the 1970s as a result of increased public awareness of the value of our nation’s waters 

(including wetlands). Originally, impacted wetlands had to be replaced at a ratio of 1:1. Then in 

1990, a Memorandum between the USACE and Environmental Protection Agency (EPA) 

established a shift from 1:1 replacement of impacted wetlands to a replacement of specific 

wetland functions (Memorandum of Agreement between the Department of the Army and the 

Environmental Protection Agency, 1990). This shift occurred as a result of research conducted in 

the 1970s and 1980s that documented the high functional value of wetlands. For example, 

Bedford and Preston (1988) documented that wetlands were being regulated using “inadequate 

knowledge” and suggested that wetlands functioned differently based on the hydrology, 

geomorphology, and soil properties at a given location. Bedford and Preston (1988) also 

emphasized that the functional properties of wetlands are affected by a wetland’s context within 

the landscape and cited many studies that could be used to better inform formal wetland 

protection. It was publications such as those cited in Bedford and Preston (1988) that led to a 

change in how wetlands are regulated in the U.S.  

II.D. Wetland Ecosystem Services 

 Ecosystem services are the benefits people derive from the environment. Humans depend 

on these services for survival and for the enhancement of well-being. Researchers have divided 

ecosystem services into four categories: supportive, provisioning, regulating, and cultural 

services (Farber et al. 2006; MEA 2005b; Table 4.1). The supportive services are necessary for 

the delivery of the other categories of ecosystem services (Farber et al. 2006; MEA 2005b). 

 Coastal wetlands provide many ecosystem services (Table 4.1). The figure below depicts 
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the importance of wetland ecosystem services to people (Figure 4.1). If wetland plants are 

removed from coastal systems, and the loss is not mitigated, ecosystem services could be 

negatively impacted.  

  
Figure 4.1. Examples of ecosystem services provided by coastal wetlands.  
 
 
II.E. Effects Of Coastal Wetland Loss On Ecosystem Services  

 Wetlands have been lost due to changes in land use, resulting in changes in the provision 

of ecosystem services. Potential consequences of wetland degradation and loss include a decline 

in species and food abundance, a decline in water quality, decreased storm protection and 

mitigation of sea level rise, and decreased recreational opportunities.   
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Table 4.1. Ecosystem services by category. Derived from Farber et al. (2006).  
Ecosystem Service Description Example 
Supportive Functions 
and Structure Ecological structures and functions that are essential to the delivery of ecosystem services  

Nutrient cycling Storage, processing, and acquisition of 
nutrients within the biosphere Nitrogen cycle; phosphorus cycle 

Net primary 
production Conversion of sunlight into biomass Plant growth 

Pollination & seed 
dispersal Movement of plant genes Insect pollination; seed dispersal by animals 

Hydrological cycle Movement and storage of water through 
the biosphere 

Evapotranspiration; stream runoff; 
groundwater retention 

Soil formation Weathering of rock, accumulation of 
organic matter Maintenance of productivity (on arable land) 

Regulating Services Maintenance of essential ecological processes & life support systems for human well-being 

Gas regulation Regulation of the chemical composition 
of the atmosphere and oceans 

Biotic sequestration of carbon dioxide and 
release of oxygen; vegetative absorption of 
volatile organic compounds 

Climate regulation Regulation of local to global climate 
processes 

Direct influence of landcover on temperature, 
precipitation, wind and humidity 

Disturbance 
regulation 

Dampening of environmental fluctuations 
& disturbance Storm surge protection; flood protection 

Biological regulation Species interactions Control of pests and diseases; reduction of 
herbivory (crop damage) 

Water regulation Flow of water across the planet surface Modulation of the drought-flood cycle; 
purification of water 

Soil retention Erosion control and sediment retention Prevention of soil loss by wind and runoff; 
avoiding buildup of silt in lakes and wetlands 

Waste regulation Removal or breakdown of non-nutrient 
compounds and materials 

Pollution detoxification; abatement of noise 
pollution 

Nutrient regulation Maintenance of major nutrients within 
acceptable bounds 

Prevention of premature eutrophication; 
maintenance of soil fertility 

Provisioning Services Provisioning of natural resources and raw materials 

Water supply Filtering, retention, and storage of 
freshwater 

Provision of freshwater for drinking; medium 
for transportation; irrigation 

Food Provisioning of edible plants and animals 
for human consumption 

Hunting and gathering of fish, game, fruits, 
and other edible animals and plants; small-
scale subsistence farming and aquaculture 

Raw materials Building and manufacturing; fuel and 
energy; soil and fertilizer 

Lumber, skins, plant fibers, oils and dyes; fuel 
wood, organic matter (ex: peat); topsoil, frill,  
leaves, litter and excrement  

Genetic resources Genetic Resources Genes to improve crop resistance to pathogens 
and pests and other commercial applications 

Medicinal resources Biological and chemical substances for 
use in drugs and pharmaceuticals Quinine; Pacific yew; Echinacea 

Ornamental resources Resources for fashion, handicraft, 
jewelry, pets, decoration & souvenirs 

Feathers used in decorative costumes; shells 
used as jewelry 

Cultural Services Enhancing emotional, psychological, and cognitive well-being 

Recreation Opportunities for rest & recreation Ecotourism; bird-watching; outdoor sports 

Aesthetic Sensory enjoyment of functioning 
ecological systems Proximity of houses to scenery; open space 

Science & education Use of natural areas for scientific & 
educational enhancement A "natural field laboratory" & reference area 

Spiritual and historic Spiritual or historic information Use of nature as national symbols; natural 
landscapes with significant religious values  
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 If wetland plants are removed from a system, their roots are no longer able to absorb 

pollutants and nutrients from the water. This increase in pollutants and nutrients can have 

cascading effects on adjacent habitats, such as seagrass beds, oyster reefs, and open water 

systems. For example, nutrients that flow to deeper water habitats can lead to algal blooms (in 

some cases harmful algal blooms). These algal blooms can have negative effects on habitats in 

the form of decreased light attenuation (which can lead to seagrass dieoff) and hypoxia (which 

can lead to fish kills and decreased water quality).   

 Wetlands are able to slow storm surge due to the three-dimensional nature of wetland 

plants. The stems and blades of these plants cause friction when water flows past them. The 

higher the amount of friction provided by wetland plants, the higher the amount of storm 

protection provided as an ecosystem service. Thus, a decrease in wetland area can cause a 

decrease in storm protection. Potential climate change impacts (such as stronger storms and 

hurricanes) and human induced impacts (such as more coastal development) will make the storm 

protection ecosystem service increasingly valuable.  

 Wetland plants also hold onto sediment and detritus with their root structure. This 

sediment stabilization capacity allows sediment to accrete and results in an increase in elevation 

over time. The accretion rate can help mitigate the rate of sea level rise currently affecting 

coastal areas. Without wetland plants to hold sediment in place, the water becomes more turbid 

(i.e. cloudy with suspended matter). This increase in turbidity can have negative effects on 

nearby habitats such as oyster reefs (which are filter feeders) and seagrass beds (which depend 

on light attenuation through the water column for growth).  
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III. HISTORY OF U.S. WETLAND PROTECTION AND MITIGATION 

 The following review of the history of wetland protection and mitigation policy was 

conducted in an effort to provide a summary of wetland protection in the United States and to 

provide insight into the potential benefits and challenges associated with incorporating 

ecosystem services into wetland mitigation policy and practices. An understanding of how 

wetlands have been protected throughout history allows for more informed decision making 

moving forward. Concepts addressed throughout this section are incorporated into subsequent 

sections on enhancing wetland mitigation and on incorporating ecosystem services into wetland 

mitigation in Texas.  

 Wetlands have been regulated in the United States since the late 1700s (Figure 4.2). The 

Clean Water Act, passed in the 1970s, is a major piece of legislation that protects wetlands and is 

the primary law conserving wetlands in the U.S. (Salzman and Ruhl 2006). The Clean Water Act 

was a legislative attempt “to restore and maintain the chemical, physical and biological integrity 

of the Nation’s waters.” Since the 1970s, wetland protection has become more refined based on 

our enhanced understanding of wetland functions and values and subsequent changes in our 

perception of the value wetlands provide. Recognition of the many ecosystem services provided 

by wetlands, in addition to the knowledge that we are losing wetlands at an alarming rate, drives 

the development of wetland policies in accordance with federal, state, and local laws and 

regulations (Zedler and Kercher 2005; NRC 2001).  
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Figure 4.2. Timeline of the history of wetland protection and mitigation in the United States.  
 

III.A. Interstate Commerce Clause (1787) 

 Wetlands are regulated as “waters of the U.S.” In 1787, the Interstate Commerce Clause 

of the Constitution gave Congress the power to “regulate commerce with foreign nations, and 

among the several states, and with Indian tribes.” Because waters of the U.S. are a major way in 

which commerce is conducted in the U.S., the term “waters of the U.S.” in relation to wetlands 

becomes more important in future legislation. III.B. Swamp Act (1849) 

 The first federal legislation that concerned wetlands specifically was the Swamp Act of 

1849. The Swamp Act granted Louisiana all swamp and overflow lands unfit for cultivation in an 

effort to help control floods and minimize effects associated with mosquitos in the Mississippi 

River Valley. In 1850, the Swamp Act was expanded upon and applied to twelve public domain 

states, which included all Gulf states except Texas. States granted land were: Alabama, 

Arkansas, California, Florida, Illinois, Indiana, Iowa, Michigan, Mississippi, Missouri, Ohio, and 

Wisconsin. Then, in 1860, the Act was expanded upon again, this time to include provision for 

Minnesota and Oregon. Most of the land that was turned over to these states is now either in 

private ownership or has been given away or sold cheaply. 

III.C. Rivers and Harbors Act (1890) 
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 In 1890, the Rivers and Harbors Act was passed and required prior approval from the 

Secretary of War for all obstructions to navigation. This legislation raised the question: “What 

constitutes navigable waters of the U.S.?”  The answer to this question would determine the 

jurisdictional authority of the United States Army Corps of Engineers (USACE) (established 

under Section 10) and would later become a source of litigation when wetlands become 

regulated. Section 10 prohibits unauthorized obstruction or alteration of any navigable water of 

the U.S. unless a permit is obtained from USACE. Obstruction or alteration includes: 1) 

construction of any structure in or over any navigable water of the U.S., 2) excavation or 

deposition of dredged or fill material, and 3) accomplishment of any other work affecting the 

course, location, condition, or capacity of such waters.  

 The Rivers and Harbors Act was revised in 1899 (also known as the Refuse Act) and 

remained largely unchanged from the Act of 1890. The revised Act gave states the authority to 

prohibit obstructions to navigation as long as there was no federal regulation. The jurisdiction of 

USACE was also limited to activities occurring below the mean high water line on navigable 

bodies of water. 

III.D. Migratory Hunting Stamp Act (1934) 

 The Migratory Hunting Stamp Act (also known as the Duck Stamp Act) was an action to 

stop the destruction of wetlands that serve as migratory waterfowl habitat. Under the act, 

waterfowl hunters are required to obtain a federal duck stamp (USFWS, 2016b). Money from the 

purchase of Federal Duck Stamps goes into the Migratory Bird Conservation Fund and toward 

the purchase and lease of wetlands and wildlife habitat via the National Wildlife Refuge System 

(USFWS, 2016b), managed by the U.S. Fish and Wildlife Service.  
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III.E. National Environmental Policy Act (NEPA) and the Establishment of the 

Environmental Protection Agency (EPA) (1970) 

 In the 1960s, there was a shift in public attitude regarding wetlands and the environment. 

Previously, wetlands were viewed as wastelands that hindered productive use (hence why they 

were given away to states via the Swamp Act). Books such as Silent Spring by Rachel Carson 

raised public awareness regarding concerns about the compromised quality of the environment. 

This type of public awareness eventually led to changes such as the establishment of the EPA via 

an executive order and the passage of NEPA in 1970.  

NEPA is considered the most influential environmental statute ever written. It requires an 

environmental impact statement (EIS) for anything that significantly affects the quality of the 

human environment. NEPA also established the need to consider mitigation to compensate for 

federal actions.  

 An example of this increasing concern regarding environmental pollution in the 1960s is 

also exemplified in the 1966 case of U.S. v. Standard Oil. This case established that The Refuse 

Act was not limited to navigation menaces but also encompassed pollution and led to a ban on 

the unauthorized deposit of foreign substances into navigable waters.  

III. F. Federal Water Pollution Control Act  (1972) and the Clean Water Act (1977) 

 Due to increasing concern for the preservation of water bodies and land/water interfaces 

(such as wetlands), the Amendments to Federal Water Pollution Control Act was passed in 1972. 

The Clean Water Act (1977) was an amendment to the Federal Water Pollution Control Act and 

served as a legislative attempt “to restore and maintain the chemical, physical and biological 

integrity of the Nation’s waters.” The Clean Water Act enabled both the USACE and the EPA to 

enforce Clean Water Act violations (Gardner 2011).  
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 The Clean Water Act was extensive and included many sections, including Section 404, 

which is the primary form of federal wetland protection (Hoehn et al. 2003). Section 404 

requires permits for dredged and fill material discharged into navigable waters of the U.S. and 

gives the USACE power to regulate the discharge of dredge and fill material into navigable 

waters. “Waters of the U.S.” was broadly defined by the USACE as: all waters used for 

navigation, tidal waters, interstate waters, and wetlands adjacent to those waters.  

 The Clean Water Act (1972) established the requirement to mitigate for impacts to 

wetlands, which are included in the Act as “waters of the U.S.” Which wetlands are included in 

the term “waters of the U.S.” has been a source of litigation since the establishment of the Clean 

Water Act. Major court cases that exemplify this confusion are the SWANCC and Rapanos 

cases. Since 2006, what qualifies as a wetland has been left to determination on a case-by-case 

basis. This has been a major drain on resources and led to further distaste for wetland protection 

policy among developers and landowners. After much preparation and public input, a rule was 

released in 2015 to provide clarification as to what the term  “waters of the U.S.” does and does 

not include.  

 The Clean Water Act also established an interesting relationship between the EPA and 

USACE. According to the Clean Water Act, the EPA and USACE are to share administrative 

responsibilities for areas and activities covered by Section 404. The USACE was put in charge of 

permitting and the EPA was tasked with policy development and veto authority. The EPA had 

ultimate authority to construe the phrase “waters of the U.S.” 

III.G. Endangered Species Act (1973) 

 Growing concern in the 1960s over the recognition of an increasing number of species 

extinctions led to the passing of the Endangered Species Act in 1973. The goal of the 
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Endangered Species Act is to “protect and recover imperiled species and the ecosystems upon 

which they depend” (USFWS, 2016a). The Endangered Species Act established that the United 

States Fish and Wildlife Service (USFWS) or National Marine Fisheries Service (NMFS) must 

be consulted as part of permitting process.  

III.H. ‘No Net Loss’ Policy Goal (1989) 

 In 1989, President Bush established that “no net loss” of wetlands was a goal of his 

administration (Turner et al. 2001; NRC, 2001). This “no net loss” policy was established as a 

result of the declining status of wetlands in the U.S. (Zedler 1996) and documentation of the fact 

that mitigation projects were either not undertaken or failing to meet permit conditions (National 

Research Council, 2001).  

III.I. 1990 Memorandum of Agreement between the EPA and USACE 

 The 1990 Memorandum of Agreement (MOA) between the EPA and USACE provided 

guidance to agencies regarding the type and level of mitigation that complies with requirements 

in Section 404 of the Clean Water Act. The 1990 MOA established preference for certain types 

of mitigation (Gardner 2011) and introduced the shift from a replacement of lost wetland acreage 

to a replacement of lost functions.  

 Sequential preference, known as the mitigation sequence, was established for potential 

impacts to wetlands. All impacts to wetlands should be avoided, minimized, and compensated 

for (in that preferential order). If impacts are unavoidable, a hierarchical preference was 

established for specific types of compensatory mitigation. The preferential order for 

compensatory mitigation types is restoration, enhancement, creation, and preservation (Figure 

4.3).  
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 Additionally, wetland mitigation is categorized as in-kind (replacement of the same type 

of wetland) or out-of-kind (replacement of one wetland type with another wetland type), with in-

kind mitigation being the preferred type of mitigation. Mitigation can be conducted onsite (the 

site where the wetlands are being destroyed) or offsite within the watershed. In special 

circumstances, wetland mitigation is conducted outside the watershed.  

 
Figure 4.3. Hierarchical preferences for impacts to wetlands, mitigation types, and mitigation 
locations. 
 
 
III.J. Emergence of Mitigation Banking in the mid-1990s 

 Wetland mitigation banking emerged in the mid-1990s as a result of the need for highway 

and public works departments to fulfill their compensatory wetland mitigation requirements 

(Ruhl et al. 2009). The emergence of mitigation banking during this time period is documented 

in the 1993 Memorandum between the USACE and EPA, the 1995 Interagency Banking 

Guidance, and in the 1998 Transportation Equity Act for the 21st Century.  
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 The 1993 Joint Memorandum was part of the Clinton Administration’s Wetland Plan 

(USACE, 2016) and established several benefits of using mitigation banks to meet compensatory 

mitigation requirements. A major benefit was the fact that mitigation banks were in place before 

the impact to the wetland occurred. Thus, there was a reduction in the temporal loss of wetland 

functions and enhanced certainty that mitigation would successfully offset wetland losses. 

Another perceived benefit was the ecological benefit of having consolidated sites versus the 

postage stamp type of mitigation that had been conducted prior. Further, because mitigation 

bankers are in the business of creating mitigation banks, the financial resources and scientific 

expertise associated with the development of these banks might be an improvement over 

traditional permittee responsible mitigation.  

III.J.2. Interagency Mitigation Banking Guidance (1995) 

 The 1995 Interagency Mitigation Banking Guidance was a follow-up to the 1993 

Guidance document. The Guidance involved the following agencies: USACE, EPA, USFWS, 

Natural Resources Conservation Service (NRCS), and National Oceanic and Atmospheric 

Administration (NOAA) and highlighted some of the perceived benefits of mitigation banks. 

One perceived benefit of mitigation banks was the ease of monitoring by agencies associated 

with a decrease in the amount of sites that had to be visited. The Guidance also elaborated on the 

mitigation bank approval process, including review by a Mitigation Banking Review Team or 

Interagency Review Team.  

III.J.3. Transportation Equity Act for the 21st Century (1998) 

 In 1998, the Transportation Equity Act of the 21st Century (TEA-21) established 

Congressional preference for mitigation of transportation projects to be supplied via mitigation 

banks. Subsequent TEA-21 interagency guidance was released in 2003 to help agencies 
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implement the preference for mitigation banks in a manner consistent with regulations and 

policy.  

III.K. Multiagency Federal Guidance on the Use of In-Lieu-Fee Arrangements for 

Compensatory Mitigation (2000) 

 The purpose of the Federal Guidance on the Use of In-Lieu-Fee Arrangements was to 

clarify how in-lieu-fee mitigation could be used to satisfy compensatory mitigation requirements. 

In-Lieu-Fee mitigation is an alternative to project specific mitigation and purchasing credits from 

a mitigation bank. An In-Lieu-Fee program is an agreement between the USACE (in consultation 

with other agencies) and a sponsor (e.g. a public agency or non-profit organization). In-Lieu-Fee 

programs can be used in circumstances where mitigation banks exists, but do not provide in-kind 

mitigation or where no mitigation banks exist. Typically, although not always, In-Lieu-Fee 

programs conduct the mitigation after the impact to the wetland has occurred.    

III. L. National Academy of Sciences Report (2001) 

 The 2001 National Academy of Sciences (NAS) report titled ‘Compensating for Wetland 

Losses under the Clean Water Act’ has been cited as a game changer that eventually led to the 

2008 Compensatory Mitigation Rule. The main conclusion of the document was that the 

implementation of Section 404 of the Clean Water Act needed to be improved if the goal of ‘no 

net loss’ of wetland acreage and functions was to be attained. The report assessed the 

effectiveness of mitigation in the USACE regulatory program and included five main 

conclusions and associated recommendations. The major conclusions were: 1) the goal of ‘no net 

loss’ of wetland functions was not being met, 2) there was a need for a watershed approach, 3) 

permit expectations were unclear and compliance was questionable, 4) support for regulatory 
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decision making was inadequate, and 5) mitigation banks and in-lieu-fee programs offer 

advantages over permittee responsible mitigation (NAS, 2001).  

 The first conclusion of the NAS report was: “the goal of no net loss of wetlands is not 

being met for wetland functions by the mitigation program, despite progress in the last 20 years.” 

This was due, in part, to the fact that “required mitigation projects often are not undertaken or 

fail to meet the permit conditions.” The report suggested that there was a need for: 1) a national 

database, and 2) USACE to cooperate with states to encourage partnership with or establishment 

of organizations capable of tracking, monitoring, and managing wetlands within a specific 

watershed. The suggestion for a national database was realized through the creation of RIBITS, a 

web-based application that is used to provide information on mitigation and conservation 

banking activities. 

 The second conclusion of the NAS report established a need for a watershed approach to 

mitigation. The report emphasized that avoidance should be strongly considered for “wetlands 

that are difficult or impossible to restore, such as fens or bogs [and riparian wetlands].” The 

report also offered operational guidelines for creating or restoring self-sustaining wetlands. 

 The third conclusion stated that “performance expectations in Section 404 permits have 

often been unclear, and compliance has often not been assured or attained.” For example, the 

report noted that “monitoring is seldom required for more than 5 years and [that] the description 

of ecosystem functions in many monitoring reports is superficial.” The report also noted that 

long-term monitoring is important because replacement of lost functions (functional 

equivalency) rarely occurs within 5 years. Additionally, the report established that there is a need 

for the mitigation to be in place prior to or concurrently with the permitted activity. The 

associated recommendation stated that “impact sites should be evaluated using the same 
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functional assessment tools as used for the mitigation site and that the “relationships between 

structure and function should be better known.” Thus, assessment of wetland functions needs to 

be science-based.  

 The fourth conclusion of the report established that “support for regulatory decision 

making is inadequate.” It was recommended that a reference manual be developed to help 

individuals who are responsible for writing permits and making permit related decisions. The 

manual would also serve to help with the designing of projects that are more likely to achieve 

permit requirements. The report also included a suggestion that the USACE and other agencies 

involved in the permitting process “commit funds to allow staff participation in professional 

activities and technical training programs that include the opportunity to share experiences across 

districts” and “establish a research program to study mitigation sites to determine what practices 

achieve long-term performance… for wetlands.”  

 The last conclusion included in the 2001 NAS report stated that third party compensation 

approaches, such as mitigation banks and in-lieu-fee programs, offer advantages over traditional 

permittee responsible mitigation. The report suggested that these advantages be assessed as focal 

characteristics of successful mitigation. Examples of these positive characteristics included: 

timely and assured compensation for permitted activities, watershed integration, and long-term 

sustainability and stewardship.  

III. M. National Wetland Mitigation Action Plan (2002) 

 In 2002, the National Wetland Mitigation Action Plan affirmed the Bush administration’s 

commitment to the goal of ‘no net loss’ of wetlands and addressed a need for 1) science-based 

mitigation, 2) accountability, monitoring, and evaluation, and 3) provision of information and 

technical and research assistance to those performing wetland mitigation.  The Action Plan 
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focused on the importance of 1) the watershed context, 2) improving accountability, 3) clarifying 

performance standards and providing guidance, and 4) improved data collection and availability 

via a national database. The Action Plan was informed by previous guidance including: the 1990 

MOA between the EPA and USACE, the 1995 Interagency Mitigation Banking Guidance and 

the 2000 Multiagency Federal Guidance on the Use of In-Lieu-Fee Arrangements for 

Compensatory Mitigation.  

III. N. The 2008 Compensatory Mitigation Rule 

 The 2008 Compensatory Mitigation Rule defined standards and procedures for the 

authorization of compensatory mitigation that the USACE permits under section 404 of the 

Clean Water Act (Ruhl et al. 2009). The USACE and EPA jointly published the 2008 Rule in an 

effort to bring the compensatory mitigation program under a comprehensive regulatory 

framework (Ruhl et al. 2009) and to improve the quality and success of compensatory 

mitigation. The concepts addressed in the 2008 Compensatory Mitigation Rule include 1) a 

preference for specific types of mitigation, 2) a preference for a watershed approach when 

selecting mitigation sites, 3) a requirement for long-term protection of mitigated sites (including 

regular monitoring and financial assurances) and, 4) a requirement for equivalent standards for 

the different types of compensatory mitigation. Another significant aspect of the 2008 

Compensatory Mitigation Rule is the acknowledgement of the concept of ‘ecosystem services’ in 

relation to mitigation decision making (Ruhl et al. 2009).  

 The 2008 Compensatory Mitigation Rule established a preference for specific types of 

compensatory mitigation, and superseded the preference established in the 1990 MOA between 

the USACE and EPA. The preference for mitigation is as follows: restoration, enhancement, 

establishment (i.e. creation), and preservation. The 2008 Compensatory Mitigation Rule also 
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emphasized the use of a watershed approach and introduced the concept that the watershed 

approach could allow for mitigation for impact at one site to be conducted at more than one 

mitigation site. “For example, compensatory mitigation may be required on-site to offset losses 

of water quality and flood storage functions, while off-site compensation may be required to 

offset losses of habitat functions.”  

 Mitigation Plans are completed for each proposed mitigation project and submitted as 

part of the permit application. The 2008 Compensatory Mitigation Rule established that a long-

term (adaptive) management plan and financial assurances must be included in mitigation plans 

submitted for review. Further, the 2008 Rule established that, to the extent practicable, 

equivalent standards were to be applied to all types of compensatory mitigation projects, which 

included permittee responsible mitigation, mitigation banks, and in-lieu-fee mitigation. 

Mitigation banks were established as the preferred type of compensatory mitigation due to 

decreased risk and uncertainty associated with mitigation banks.  

 In addition to emphasizing the topics discussed above, the 2008 Rule represents the first 

time ecosystem services were incorporated into mitigation decision making standards (Ruhl et al. 

2009). In the rule, ecosystem services are defined as “the benefits that human populations receive 

from functions that occur in ecosystems.” The term “services” replaced the previously used term 

of “values.” Within the rule, the concept of ecosystem services is cited as a “useful concept for 

assessing the public interest [which is] an important consideration in the Corps Regulatory 

Program.” In the preamble of the 2008 Rule, it states that “[a]lthough the services provided by 

aquatic resource functions are important to consider when determining the type and location of 

compensatory mitigation projects[,] there are few methods available for assessing services. 

Therefore, in most cases consideration of services will be conducted through best professional 
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judgment” (Ruhl et al. 2009). Researchers have suggested that policy and science have co-

evolved in the past and that methods to assess ecosystem services could be developed alongside 

the implementation of compensatory mitigation (Ruhl et al. 2009).  

III. O. Interagency Guidelines (2013) 

 The 2013 Interagency Guidelines are part of the Principles, Requirements, and 

Guidelines that “constitute the comprehensive policy and guidance for Federal investments in 

water resources.” Federal investments are defined as “those that by purpose, either directly or 

indirectly, affect water quality or water quantity, including ecosystem restoration or land 

management activities.” The 2013 Interagency Guidelines are not legally binding regulations, 

but establish expectations for internal management of the Federal government and build on the 

2013 Principles and Requirements.  

 The 2013 Interagency Guidelines apply to the: Departments of the Interior, Agriculture, 

and Commerce, Environmental Protection Agency, Army Corps of Engineers, Federal 

Emergency Management Agency, and the Tennessee Valley Authority. The 2013 Interagency 

Guidelines state that “agencies shall engage and work collaboratively with experts” especially on 

projects addressing topics such as environmental justice and ecosystem services.  

 According to the 2013 Interagency Guidelines, “agencies must provide the baseline from 

which future conditions will be altered by the project, program or plan.” The baseline includes 

baseline levels of ecosystem services. The three kinds of services listed are provisioning, 

regulating, and cultural (Table 4.1). Supportive services, which are more like functions, are not 

included. Regulatory actions, including permits under section 404 of the Clean Water Act, are 

outside the scope of the 2013 Principles, Requirements and Guidelines.  
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 The 2013 Interagency Guidelines state “agencies must provide an explicit list of the 

services that flow from the existing study area ecosystems and infrastructure (including 

operational plans) with identification of those services that are likely to meaningfully change 

within the larger context of the watershed because of the Federal investment.” Conceptual 

models are suggested as a means to document the linkages between resources and services, 

drivers of change and impacts.  

 The 2013 Guidelines also established that when evaluating alternatives associated with 

Federal investment, ecosystem service assessments should be conducted to account for the costs 

and benefits and the change in service flows. At a minimum, trends should be assessed. When 

practicable, impacts should be quantified. And when appropriate, quantified impacts should be 

monetized. The Guidelines elaborate on ecosystem service assessments and suggest that 

descriptions that merely list and/or laud the benefits of the affected services are less useful to 

decision makers than descriptions that allow meaningful differentiation of more and less 

important services. In these cases, professional judgment is expected to be exercised in 

determining how important the non-quantified benefits or costs may be in context of the overall 

analysis. If the non-quantified benefits and costs are likely to be important, ‘threshold’ or ‘break 

even’ analysis approaches are suggested methods to evaluate their significance.  

III. P. Presidential Memorandum (2015) 

 A Presidential Memorandum titled ‘Mitigating Impacts on Natural Resources from 

Development and Encouraging Private Investment’ was released in November 2015 (Presidential 

Memorandum, 2015). This memorandum encouraged the use of both private investment in 

restoration, and public-private partnerships to achieve restoration and conservation objectives. 
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To encourage private investment in restoration, the memorandum emphasized the importance of 

1) the development of clear federal policies, and 2) consistency among and within agencies.  

 The memorandum included several directives to federal agencies, including: the 

Departments of Defense, the Interior, and Agriculture, the Environmental Protection Agency, the 

National Oceanic and Atmospheric Administration and all bureaus or agencies within those 

agencies, such as the U.S. Forest Service, the Bureau of Land Management, and the U.S. Fish 

and Wildlife Service. These agencies were directed to incorporate a goal of ‘net benefit’ (as 

oppose to ‘no net loss’) into their practices. Agencies were also directed to adhere to the 

avoidance, minimization and compensatory mitigation hierarchy and to establish a preference for 

advanced compensation for impacts to natural resources and sustainable long-term management 

of that compensation. Additionally, agencies were directed to utilize landscape- or watershed-

scale planning. The memorandum also called on agencies to increase public transparency and to 

ensure equivalent standards among the various compensatory mitigation mechanisms 

implemented by the various agencies. In addition to general guidance, the memorandum also 

included deadlines, between one and two years, for agencies to complete mitigation policies and 

guidance regarding the use of mitigation and restoration.  

III. Q. Clean Water Act Rule (2015) 

 Which wetlands are included in the term “waters of the United States” and are therefore 

considered “jurisdictional” and subject to protection under the Clean Water Act has been a 

source of controversy and litigation since the establishment of the Clean Water Act in 1972. The 

Clean Water Act Rule replaces former guidance and is an attempt by the EPA and USACE to 

clarify which wetlands are considered “waters of the United States” (Copeland, 2016). The Clean 

Water Act Rule became effective in August 2015, but was blocked from implementation in 
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October 2015 by a federal court (Copeland, 2016). Thus far, challenges to the Clean Water Act 

Rule have been filed by industry and environmental groups and by more than half the states in 

the U.S. (Copeland, 2016). 

III. R. Summary of Ecosystem Services in Wetland Compensatory Mitigation 

 This review of the history of wetland mitigation policy was conducted in an effort to 

provide enhanced understanding of the potential benefits and challenges associated with 

incorporating ecosystem services into wetland mitigation policy and practices. Ecosystem 

services have been referenced in wetland protection policy through use of the term “value”, but 

ecosystem services were not brought to the forefront of decision making until the late 1990s.   

 It was not until 2008, in the Compensatory Mitigation Rule, that the concept of 

ecosystem services is directly referenced in wetland policy. However, the Rule simply suggests 

that ecosystem services should be taken into account. The 2008 Rule also states that the concept 

of ecosystem services is useful for assessing the public interest. This concept is expanded upon 

in section V.E. The Rule also states that ecosystem service assessment should be conducted 

using best professional judgment, which suggests a need for education of professionals involved 

in the wetland compensatory mitigation process. This concept is expanded upon in section V.F.  

IV. WETLAND MITIGATION IN TEXAS 

 The goal of this section is to describe wetland mitigation policy and practices in Texas 

and to assess the effectiveness of these policies and practices. Suggestions for improvements to 

the process are provided, including suggestions derived from practices within other states and 

USACE districts.  

IV.A. Agencies Involved in the Wetland Permitting Process in Texas 
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 The USACE permits under Section 404 of the Clean Water Act and works in 

coordination with other agencies. In Texas, the two agencies directly involved in administering 

permits are the USACE and the Texas General Land Office. Other agencies are involved in the 

permit review process via processes such as the public interest review.  

IV.A.1. U.S. Army Corps of Engineers (USACE) 

 The USACE was established in 1802. The mission of the USACE is to “deliver vital 

public and military engineering services; partnering in peace and war to strengthen our Nation’s 

security, energize the economy and reduce risks from disasters.” As part of fulfilling this 

mission, the USACE builds and maintains America’s infrastructure and dredges America’s 

waterways. The Clean Water Act, passed in the 1970s, specified that the USACE would be 

responsible for regulating activities in U.S. wetlands.  

 There are nine divisions and 45 districts within the USACE. Most of Texas is in the 

Southwestern Division, which is comprised of four districts, one of which is the Galveston 

District. The Galveston District includes all of coastal Texas and is the focal district of this 

research (Figure 4.4).  

 

 
Figure 4.4. Map of USACE Galveston District in Texas. 
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IV.A.2. Texas General Land Office (GLO) 

 The Texas General Land Office (GLO) is the oldest state agency in Texas and serves the 

people of Texas through their mission to “maximize revenue from state assets like land and 

minerals” (GLO, 2016b). The GLO is also the permitting agency in Texas. To streamline the 

wetland permitting process for applicants, the GLO started the Permit Service Center. Through 

the Permit Service Center, the GLO offers free permitting assistance to small businesses, local 

government organizations, and individuals seeking assistance for required authorizations for 

activities located within the Texas Coastal Management Program area. There are two Permit 

Service Centers: one for the upper coast (located in Galveston, TX) and one for the lower coast 

(located in Corpus Christi, TX). 

 The GLO enforces wetland mitigation according to policies codified in the Texas 

Administrative Code. According to the Texas Administrative Code, compensatory mitigation can 

be conducted in several ways: on-site, off-site, in-kind, and out-of-kind. On-site mitigation refers 

to mitigation conducted “in areas adjacent or contiguous to the affected critical area” (TAC 

31.501.23, 2016). Off-site mitigation refers to mitigation conducted in “close physical proximity 

to the affected critical areas” (TAC 31.501.23, 2016), with preference for off-site mitigation to 

be conducted within the same watershed as the impact. In-kind mitigation refers to mitigation 

conducted in an attempt to replace “characteristics identical to or closely approximating those of 

the affected critical area” (TAC 31.501.23, 2016).  

 The preference is for compensatory mitigation to be conducted on-site and in-kind, 

followed by off-site and in-kind. If these two options are not possible, it is preferred that 

mitigation be conducted on-site and out-of-kind followed by off-site and out-of-kind (TAC 

31.501.23, 2016). Rule 501.23 of Title 31 also states that mitigation banking is an acceptable 
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form of mitigation provided there are credits available for purchase. Preservation is not a 

preferred method of compensatory mitigation as it is acceptable only under “exceptional 

circumstances” and is usually only allowed “in conjunction with preferred forms of 

compensatory mitigation” (TAC 31.501.23, 2016).  

 Additionally, there must be no “practicable alternatives with fewer adverse effects” to the 

proposed development (TAC 31.501.23, 2016). When evaluating practicable alternatives, the 

following considerations are taken into account: 1) “adverse effects on critical areas shall be 

avoided to the greatest extent practicable”, 2) “unavoidable adverse effects shall be minimized to 

the greatest extent practicable by limiting the degree or magnitude of the activity and its 

implementation”, and 3) appropriate and practicable compensatory mitigation shall be required 

to the greatest extent practicable by limiting the degree or magnitude effect that cannot be 

avoided or minimized” (TAC 31.501.23, 2016). 

 The Texas Administrative Code also addresses the concept of ecosystem services, 

although not directly. The TAC states that the “development in critical areas shall not be 

authorized if significant degradation of critical areas will occur” (TAC 31.501.23, 2016). 

Examples of significant degradation included are significant adverse effects on “human health 

and welfare, including effects on water supplies, plankton, benthos, fish, shellfish, wildlife, and 

consumption of fish and wildlife” and “generally accepted recreational, aesthetic or economic 

values of the critical area which are of exceptional character and importance” (TAC 31.501.23, 

2016).  

 The GLO manages critical areas and the activities that affect them via the Texas Coastal 

Management Program (TAC 31.501.23, 2016). The GLO, in coordination with other agencies, 

implements the Coastal Management Program (TAC 31.501.1, 2016). Each year, the GLO 
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prepares an annual report that reviews the effectiveness of the program and sends these reports to 

the legislature for review (TAC 31.501.1, 2016).   

 Until 2012, the Coastal Coordination Council adopted the rules that promoted the goals 

and policies of the Texas Coastal Management Program (GLO, 2016). The Council consisted of 

members from state natural resource agencies and was tasked with examining “policy issues with 

respect to local, state or national interests and concerns related to coastal natural resource areas” 

(TAC 31.501.1, 2016). The Coastal Coordination Advisory Committee replaced the Council in 

2012 (GLO, 2016). Representatives on the Advisory Committee represent state agencies and the 

members of the public (GLO, 2016a; Table 4.2). The state agency representatives are appointed 

by state natural resource agencies and the public representatives are appointed the Land 

Commissioner (GLO, 2016a).  

 
Table 4.2. List of the Coastal Coordination Advisory Committee representatives and their 
respective affiliations (GLO, 2016a).  
Name Title Affiliation 
Dude Payne Commissioner Local Government 
(pending)   Agriculture 
Jerry Mohn   Local Business 
George Deshotels   Local Citizen 

Brian Koch 
Regional Watershed 
Coordinator Texas State Soil & Water Conservation Board 

Leslie Savage Chief Geologist Railroad Commission of Texas 
(pending) 

 
Texas Water Development Board 

Pamela Plotkin Director Texas Sea Grant College Program 

Ross Melinchuk 

Natural Resources 
Deputy Executive 
Director Texas Parks & Wildlife Department 

Jodi Bechtel 
Environmental Affairs 
Division Director Texas Department of Transportation 

Stephen Tatum 
Counsel to 
Commissioner Baker Texas Commission on Environmental Quality 
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The USACE regulates wetlands under the authority of the Clean Water Act. The Clean 

Water Act  gives individual states the authority to create their own regulatory and non-regulatory 

programs to protect wetlands. In some cases, state regulation can be more stringent than federal 

programs. Portions of the state’s Coastal Zone Management Plan and policies found in the state’s 

Administrative Code are examples of state regulation of wetlands. Local regulations may also 

apply to wetland protection. Examples of local regulations include  “zoning regulations, 

subdivision restrictions, building codes, sanitation codes, conservation districts, or special-use 

permit regulations” and deed restrictions (USEPA, 1984).  

 In Texas, wetland mitigation is regulated under Title 31 of the Texas Administrative 

Code, which addresses natural resources and conservation. Policies for development in critical 

areas (for example, in wetlands) and subsequent mitigation requirements are addressed in Rule 

501.23 of Title 31, which establishes that impacts to critical areas are conducted “with the goal 

of achieving no net loss of critical area functions and values” (TAC 31.501.23, 2016). Impaired 

functions and values are replaced at a ratio of at least 1:1 (TAC 31.501.23, 2016), although a 

ratio of approximately 3:1 is most common (Jesse Solis, pers. comm., June 2016).  However, 

“while no net loss of critical area functions and values is the goal, it is not required in individual 

cases where mitigation is not practicable or would result in only inconsequential environmental 

benefits” (TAC 31.501.23, 2016). For example, when an impact is less than 1/10th of an acre, no 

mitigation is required.  

IV.B. Wetland Permit Types 

 Acquisition of a wetland permit from the USACE is necessary for any work conducted in 

the Nation’s navigable waters (USACE, 2016d). The type of permit required is commensurate 

with the level of impact. Two main categories of permits administered by the USACE are 
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General Permits and Individual Permits. There are different types of permits under each of these 

permit categories (Figure 4.5). General Permits are considered minor permits, whereas Individual 

Permits are more detailed due to a higher level of impact to the Nation’s aquatic resources.  

 The General Permit process requires a 30-day public notice and at a minimum, an 

Environmental Assessment (Jayson Hudson, USACE, pers. comm., May 2016). An 

Environmental Assessment is conducted as part of the NEPA process and is used to determine if 

significant environmental impacts will result from a proposed action. If no significant impacts 

are determined, a Finding of No Significant Impact (FONSI) is issued. However, if by 

conducting the Environmental Assessment it is determined that significant impacts will result 

from the action, an Environmental Impact Statement (EIS) is conducted. An EIS addresses the 

potential environmental impacts of a proposed project and provides reasonable alternatives to 

avoid or minimize adverse impacts.  

 
Figure 4.5. Types of permits administered by the USACE.  
 

 General Permits include two types of permits: a Nationwide Permit (NWP) and a 

Regional General Permit (RGP). NWPs and RGPs have minimal impacts to navigation and/or 

aquatic sites, reduce the amount of paperwork and time required to start a project, and are 
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developed through public and agency coordination. A NWP is developed at the national level 

and issued by the USACE Chief of Engineers. NWPs are valid in all USACE Districts and can 

be revoked or further conditioned at the local level. NWPs are updated every five years. Wetland 

mitigation banks and in-lieu-fee programs are approved using NWP 27, a NWP for aquatic 

habitat restoration, establishment, and enhancement activities.  

 The other type of General Permit, a RGP, authorizes categories of activities in a specific 

geographic area that cause minimal individual and cumulative environmental impacts. The two 

types of RGPs are Programmatic General Permits (PGP) and Agency Specific Regional General 

Permits. PGPs are founded on an existing state, local or other Federal agency program and 

designed to avoid duplication with that program. For example, within the USACE Galveston 

District, TX, the Texas General Land Office administers most PGPs. All types of Regional 

General Permits specific to the USACE Galveston District can be found at 

http://www.swg.usace.army.mil/Business-With-Us/Regulatory/Permits/Regional-General-

Permits/. 

 Individual Permits are the basic form of authorization conducted by the USACE. Types 

of Individual Permits are Letters of Permission and Standard Permits. Letters of Permission 

apply to projects that are only subject to Section 10 of the Rivers and Harbors Act and for which 

the NEPA process was concluded with a categorical exclusion (CATEX). A CATEX does not 

negate the need to conduct coordination in accordance with Section 106 of the National Historic 

Preservation Act, Section 7 of the Endangered Species Act, or the Fish and Wildlife 

Coordination Act.  To complete these coordination efforts, the USACE notifies the appropriate 

agencies with an Interagency Coordination Notice.  If through coordination efforts, the USACE 

determines the proposed project is more than minor, would have significant individual or 
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cumulative impacts on environmental values, or should encounter appreciable opposition, the 

USACE will require the permit evaluation be conducted in accordance with the Standard Permit 

process (Jayson Hudson, USACE, pers. comm., May 2016). The Standard Permit process is 

required for any project that falls under the authority of Section 404 of the Clean Water Act that 

does not qualify for a General Permit.  

IV.C. Permitting Process 

 The wetland permitting process is complicated due to the multitude of different types of 

situations for which a permit is required. Additionally, the numerous types of permits, and the 

application process associated with each type, make it difficult to describe one simple process 

involved in applying for a wetland permit. Figure 4.6 is an attempt to provide a simplified 

overview of the process.  

 Before an applicant submits a permit application to the USACE, they are encouraged to 

go through a pre-application process to help with the development of a successful application. 

Once a complete permit application is submitted, the USACE conducts a jurisdictional 

determination to assess whether jurisdictional wetlands (i.e. wetlands subject to federal control 

because they are within regulatory jurisdiction of federal law) are present. A public notice is then 

published and public comments are accepted. Public comments often include a review of public 

interest factors conducted by agency representatives operating under the guidance of missions 

that focus on protecting natural resources. Special interest groups are also welcome to comment, 

in addition to members of the general public. Anyone interested in receiving notifications of 

requests for input on permit applications within the USACE Galveston District, TX can sign up 

for email notifications at http://www.swg.usace.army.mil/Media/PublicNotices.aspx. All 

comments received from the public comment process must be addressed by the permittee 
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Figure 4.6. Simplified overview of the compensatory permitting process. Adapted from a diagram in the USACE Charleston District’s  
applicant information pamphlet.   
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through a coordinated process with the USACE.  Once this process is complete, the USACE 

compiles all relevant documentation and sends a recommendation for issuance or denial of the 

permit to the USACE District Engineer. A decision is then made as to whether or not to issue the 

permit (Figure 4.6). 

IV.D. Compensatory Mitigation Types 

 The wetland permitting process establishes the type and amount of compensatory 

mitigation required to mitigate impacts associated with development activities. Compensatory 

mitigation is conducted for the purpose of providing compensation for unavoidable impacts to 

aquatic resources under Section 404 of the Clean Water Act or similar state or local regulations. 

Depending on the location where the mitigation is conducted, the permittee has (up to) three 

types of compensatory mitigation to choose from: 1) permittee responsible mitigation, 2) wetland 

mitigation banking, and 3) in-lieu-fee program mitigation. 

 Traditional permittee responsible mitigation is usually conducted in coordination with an 

authorized agent or contractor, such as an environmental consulting firm. When conducting 

permittee responsible mitigation, the permittee is responsible for design, construction, 

monitoring, success, and long-term protection of the mitigated site. If ecological success is not 

met initially through the restoration process, it is the responsibility of the permittee to ensure 

ecological success. Thus, the permittee retains full responsibility for the success of the mitigated 

site.  

 Wetland mitigation banking is an example of a market-based approach to wetland 

protection. A wetland mitigation bank is a wetland that has been restored, established, enhanced, 

or in rare cases preserved, for the purpose of providing compensation for unavoidable impacts to 

the Nation’s aquatic resources. A wetland mitigation bank provides credits that are available for 
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sale to developers to compensate for impacts to wetlands. Credit value is determined by the use 

of ecological assessment methods. One benefit of mitigation banks over traditional permittee 

responsible mitigation is the transfer of liability to the mitigation banker.  

 In-lieu-fee mitigation is defined as mitigation that “occurs in circumstances where a 

permittee provides funds to an in-lieu-fee sponsor instead of either completing project-specific 

mitigation or purchasing credits from a mitigation bank” (Wilkinson and Thompson, 2006). An 

in-lieu-fee program is similar to a mitigation bank, except for the fact that it is usually managed 

by a non-profit or governmental agency as opposed to a business. In-lieu-fee programs are also 

regulated under different guidelines than mitigation banks. 

 An Interagency Review Team (IRT) reviews mitigation bank and in-lieu-fee program 

proposals and works with applicants to create an acceptable mitigation banking instrument or in-

lieu-fee program. The IRT is composed of state and federal agencies with statutory requirements 

to review proposed mitigation banks and standard permits. Members of the IRT in the Galveston 

District, TX are representatives from U.S. Fish and Wildlife Service (USFWS), Environmental 

Protection Agency (EPA), Natural Resource Conservation Service (NRCS), National Marine 

Fisheries Service (NMFS), Texas Parks and Wildlife Department (TPWD), Texas Commission 

on Environmental Quality (TCEQ) and the General Land Office (GLO) (Jayson Hudson, 

USACE, pers. comm., May 2016). The representatives from each agency as of May 2016 are 

included below (Table 4.3).  

 The 2008 Compensatory Mitigation Rule established a preference for wetland mitigation 

banking and in-lieu-fee programs over traditional permittee responsible mitigation. The USACE, 

EPA, Congress, and the National Research Council recognize wetland mitigation banking as an 

improvement over traditional permittee responsible wetland mitigation (Gardner 2011) because 
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mitigation banks are considered to be “ecologically and administratively superior” (Ruhl et al. 

2009). The benefits of wetland mitigation banks over traditional permittee responsible mitigation 

include: 1) larger expanses of wetlands at a site, 2) guaranteed long-term stewardship of the site, 

3) higher cost-effectiveness due to economies of scale, 4) mitigation conducted in advance of the 

impact, 5) a decrease in the time to permit, and 6) ease of monitoring. Most of these benefits 

apply to in-lieu-fee programs as well, except for the fact that  mitigation is not required prior to 

the impact for in-lieu-fee programs. Thus, the benefit of advanced mitigation can be lost with in-

lieu-fee programs.  

 

Table 4.3. Members of the USACE Galveston District Interagency Review Team (IRT). Source: 
Jayson Hudson, USACE. 
Agency Representative 
Environmental Protection Agency Allison Fontenot 
National Marine Fisheries Service Rusty Swafford 
Natural Resource Conservation Service Dan Keyes 
Texas Commission on Environmental Quality Brittany Lee 
Texas General Land Office Tony Williams  
Texas Parks and Wildlife Department Mike Morgan 
U.S. Fish and Wildlife Service  Moni Belton  

 

 The size of wetland banks being developed is much larger than the traditional “postage 

stamp” mitigation. Larger (well-placed) restoration sites arguably have the ability to function at 

higher capacity and provide more and higher quality ecosystem functions and services. In 

addition to providing more functions and services, mitigation banks are easier for the USACE to 

monitor, which in turn saves time and taxpayer money. In addition to saving the time of agency 

representatives, the time to permit is also reduced, thus saving the time of both agency 

representatives and permittees. For example, the time to permit is significantly decreased when a 
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developer can choose to purchase mitigation bank credits instead of developing a specified 

mitigation plan to address the impact associated with their permit.  

 As per permit requirements, wetland mitigation bankers must establish an endowment 

and ensure long-term stewardship of the bank. This long-term stewardship translates to a reduced 

risk of mitigation failure. Another advantage of mitigation banks is that they are often in place 

prior to the impact. Thus, advanced mitigation translates to more time available for restored 

wetlands to return to a more natural state and supply a continuous supply of wetland functions 

and services.  

 Another advantage of mitigation banks and in-lieu-fee programs over permittee 

responsible mitigation is that they are tracked on a publicly available website called RIBITS 

(whereas permittee responsible mitigation is tracked in ORM, which is the USACE’s internal, 

automated information system). RIBITS is a web-based application developed by the USACE, 

with support from the EPA and USFWS, which is used to provide information on mitigation and 

conservation banking activities. RIBITS stands for Regulatory In-Lieu-Fee and Bank 

Information Tracking System. The usefulness of the RIBITS website depends on the willingness 

and ability of the USACE districts and other associated parties to update information on the 

RIBITS website.  

 In some cases, the USACE headquarters provides resources to help USACE districts 

update records and ensure data are current on the RIBITS website (Steve Martin, USACE, pers. 

comm., 2016). Some USACE districts do all of the RIBITS data entry themselves, such as the 

Jacksonville, Mobile, Savannah, Portland, Kansas City, St. Paul, and Seattle Districts (Steve 

Martin, USACE, pers. comm., 2016). Whereas, other USACE districts allow the bankers to 
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upload documents and enter credit withdrawals on their own, such as the Norfolk, New Orleans, 

Vicksburg, and Sacramento Districts (Steve Martin, USACE, pers. comm., 2016).  

 In addition to the many benefits attributed to mitigation banks, there are some arguments 

against the use of mitigation banks. For example, it could be argued that mitigation banks are not 

able to replace some of the functions associated with wetlands destroyed in a distant location. 

However, the counterargument has been made that this concern has been addressed with a 

requirement that banks serve only developers within a specific watershed. Bankers are required 

to establish a specific service area, which usually encompasses an entire watershed, and is 

oftentimes defined by hydrological unit codes known as HUCs (but is sometimes based on 

ecoregions). If the banker wants to expand this service area to include more than one HUC or 

ecoregion, they have to provide justification, which may or may not be approved by USACE. 

Oftentimes, this expansion to include more HUCs is driven by a lack of demand for mitigation 

credits in a specific area. Once the service area is established, bankers can only sell credits to 

developers within that service area.   

 Another argument against mitigation banks is that they allow developers to simply pay 

for credits and move forward with development. This might be true, but it is well known that 

USACE is in the business of providing permits for development. The USACE website even 

states that 97% of projects for which permits are applied, get approved. Proponents of mitigation 

banking argue that since most permits applied for are going to be awarded, it is beneficial to 

leave mitigation to the experts (mitigation bankers) who are in the business of creating banks. 

Further, it is in the best interest of the mitigation banker to provide a good product so that they 

can continue to develop future banks with the approval of the USACE.As of 2005, wetland 

mitigation banking accounted for approximately 30% of regulatory mitigation carried out in the 
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U.S. under Section 404 of the Clean Water Act (Wilkinson and Thompson 2006 as per Ruhl et 

al. 2009).  

 Wetland compensatory mitigation can be conducted in four ways: restoration, 

establishment, enhancement, or preservation. The 2008 Compensatory Mitigation Rule 

established a hierarchical preference for these four types of mitigation (Figure 4.7). Restoration 

includes re-establishment and rehabilitation. Re-establishment results in the restoration of area 

and functions, whereas rehabilitation only results in a gain in function.  

 

 
Figure 4.7. Hierarchical preference for the four types of wetland compensatory mitigation (EPA, 
2016).  
 
 
IV.E. Compensatory Mitigation in the USACE Galveston District, TX 
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1997). Most of the mitigation demand in coastal Texas is in the northern part of Texas around the 

Houston/Galveston area. Wetland compensatory mitigation is driven by the demand for and 

issuance of wetland permits. Wetland alteration in the USACE Galveston District, TX 

corresponds with highly urbanized areas, including Houston/Galveston, Corpus Christi, and 

Beaumont (Brody et al. 2008; Figure 4.8). Projected increases in Texas coastal populations 

“indicate that the Texas coast will become one of the fastest growing coastal regions in the 

country” (Brody et al. 2008). This expected increase in coastal development will result in 

accelerated development of wetlands (Brody et al. 2008), which will need to be mitigated for 

through the compensatory wetland mitigation process.  

 

 
Figure 4.8. Map of 404 wetland permit locations from 1991 to 2003 in the USACE Galveston 
District. Altered from Source: Brody et al. 2008.  
  

During the permitting process, the USACE, in coordination with other agencies, 

determines how much mitigation is necessary for a particular impact associated with a 

development activity. In the northern section of the Texas coast, the USACE Galveston District 

uses a functional assessment method, known as the Hydrogeomorphic (HGM) approach, to 
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determine how much mitigation is required. The regionally specific HGM approach used is the 

“Regional Guidebook for Applying the Hydrogeomorphic Approach to Assessing Wetland 

Functions of the Northwest Gulf of Mexico Tidal Fringe Wetlands” and was developed 

specifically for use in coastal Texas. However, it has been determined that this HGM approach is 

not applicable to wetlands on the southern portion of coastal Texas, where wetlands function 

much differently than wetlands on the northern part of the coast. Thus, the HGM approach is 

only used in the northern portion of the Texas coast. In the southern portion of the Texas coast, 

the USACE Galveston District uses a ratio method to determine the amount of mitigation 

required for a particular impact associated with a development activity. Once the amount of 

mitigation required for a particular impact is established, the permittee has the option to choose 

one of (up to) three options to conduct the mitigation: 1) mitigation banking, 2) in-lieu-fee 

programs, and 3) permittee responsible mitigation (in that preferential order). 

 According to the RIBITS website, there were almost 60 mitigation banks and no in-lieu-

fee programs in Texas as of June 2016. Of the almost 60 mitigation banks in Texas, 24 

mitigation banks are in the USACE Galveston District. Most of the mitigation banks in the 

Galveston District are in the Houston/Galveston region (Figure 4.9). According to the RIBITS 

website, there was a proposed in-lieu-fee program for the Lake Houston Watershed, but it was 

withdrawn from consideration in late 2013. The potential program sponsor for that in-lieu-fee 

program was the Bayou Land Conservancy.  

 As evidenced by the data in RIBITS, there is a clear lack of mitigation banks (and in-lieu- 

bank to serve an area in the southern part of the Galveston District was announced. The newly 

approved Aransas Lago Mitigation Bank was established by MS Solutions and is located in the 

Coastal Bend of Texas, near Corpus Christi (Figure 4.10). The recent establishment of the 
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Aransas Lago Mitigation Bank is evidence that there is demand for mitigation banking in the 

area. However, because mitigation banks can only serve a specified service area, there is still a 

large portion of the southern coast of Texas that does not have banking or in-lieu-fee programs as 

options for mitigation.  

 
Figure 4.9. Location of mitigation banks in USACE Galveston District. Data source: RIBITS. 
 
 

 
Figure 4.10. Map of the Aransas Lago mitigation bank and its service area (represented as the 
shaded region). Source: MS Solutions.  
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 Evidence suggests that wetland compensatory mitigation practices in Texas are not 

effective (Gonzalez et al. 2014; Torres 2013). Torres (2013) compiled data on current and 

historic compensatory mitigation projects on the lower Texas coast and found that less than 40% 

of the acreage that was supposed to be replaced through the compensatory mitigation process 

was documented to have been replaced. Gonzalez et al. (2014) conducted an assessment of a 

subset of 404 wetland permits authorized between 1990 and 2012 within the eight county region 

surrounding the Houston/Galveston area and found similar results to the Torres (2013) study. 

Results from Gonzalez et al. (2014) show that 57% of permits requiring compensatory mitigation 

were out of compliance, and that out of these 57% of permits, approximately 68% were 

noncompliant because there was no record of mitigation actually occurring. These results suggest 

that either compensatory mitigation is not occurring along the Texas coast according to permit 

requirements or that it is not being tracked adequately by the GLO and USACE.  

IV.F. Compensatory Mitigation in Other USACE Districts  

 As of June 2016, there were over 1,600 mitigation banks (pending, approved, or sold out) 

in 42 U.S. states (Figure 4.11). Minnesota (n = 314), Georgia (n = 141), Louisiana (n = 139), 

Virginia (n = 116), Wisconsin (n = 109), and Florida (n = 107) had the most mitigation banks of 

all U.S. states. Minnesota has the most mitigation banks, more than twice as many mitigation 

banks as Georgia, and is in the USACE St. Paul District.  

 As of June 2016, there were almost 1,000 in-lieu-fee programs (pending, approved, or 

sold out) in 19 U.S. states (Figure 4.12). Over half of those in-lieu-fee programs are found in 

North Carolina (n = 506). Virginia (n = 100), Maine (n = 84), and New Hampshire (n = 60) also 

have a large number of in-lieu-fee programs compared to other states. 
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Figure 4.11. Map of the 404 compensatory mitigation banks in the United States. Data Source: 
RIBITS.  
 
 

 
Figure 4.12. Map of in-lieu-fee program mitigation sites in the United States. Data Source: 
RIBITS. 
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IV.G. Recommendations for Enhancing Wetland Mitigation in Texas 

 There is clearly a need for improved mitigation practices in coastal Texas based on 

several deficiencies documented within the Texas wetland compensatory mitigation process. 

Such deficiencies include the lack of 1) a functional assessment method in the southern portion 

of Texas, 2) the availability of preferential types of mitigation such as mitigation banks and in-

lieu-fee programs throughout Texas (but mostly within the southern portion of Texas), and 3) 

monitoring or documentation of mitigation implementation. Suggestions for improvements to 

wetland mitigation practices in Texas include:  

• The development of a functional assessment methodology for the southern portion of the 

state	

• The development of an in-lieu-fee program that targets projects in the southern portion of 

the state where mitigation banks are largely absent	

• Collaboration with (and/or learning from) other states and/or USACE districts that have 

well-established in-lieu-fee programs in place	

 

 In 1998, the USACE Wetlands Ecology Branch developed a National Guidebook for 

Application of HGM Assessment to Tidal Fringe Wetlands (Shafer and Yazzo, 1998). Since the 

development of this guidebook, almost 30 regional HGM Guidebooks have been developed by 

regional experts in accordance with the National Action Plan to implement the HGM Approach. 

Guidelines for developing regional HGM approaches have been created by Smith and Wakeley 

(2001). If regulators at the local level have difficulty developing locally relevant HGM 

approaches, the USACE’s Engineer Research and Development Center is available to help with 

the development of regional and local HGM approaches (USACE, 2016b). Thus, it is suggested 
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that the USACE Galveston District utilize this resource in an effort to develop a functional 

assessment method that is applicable to the southern portion of the Texas coast.  

 The USACE should also follow guidance in the 2001 National Academy of Sciences 

Report and commit funds to allow staff to participate in professional activities and technical 

training programs to provide opportunities to share experiences across districts. This would 

allow for states with well-developed in-lieu-fee programs to share methods regarding how to 

enhance the efficiency and effectiveness of potential in-lieu-fee programs in other districts. In the 

meantime, researchers could assess in-lieu fee program instruments used in USACE districts that 

have a multitude of in-lieu-fee projects on the ground. This type of information can provide 

guidance to the USACE Galveston District, and other districts that lack in-lieu-fee programs, for 

developing potential in-lieu-fee programs in the future. 

 The In-Lieu-Fee Guidance (2000) provides information regarding when the 

implementation of in-lieu-fee programs is appropriate and how it should be carried out 

(Wilkinson et al. 2006). Further, the 2008 Compensatory Mitigation Rule established the 

requirement for equivalent standards between the different types of compensatory mitigation in 

relation to performance standards, monitoring, adaptive management, long-term stewardship, 

and review by an interagency review team (Wilkinson 2009). These equivalent standards were 

applied to previously established in-lieu-fee programs and required compliance by June 2010, 

which led to some in-lieu-fee programs ceasing operation and others to resubmit in-lieu-fee 

instruments for approval. Currently, if new in-lieu-fee programs are to be established, they must 

comply with the 2008 Mitigation Rule and should be developed using the In-Lieu-Fee Guidance 

(In-Lieu-Fee Guidance, 2000). A report by the Environmental Law Institute also provides 
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recommended standards for in-lieu-fee programs (Wilkinson et al. 2006), which can be used to 

develop high quality in-lieu-fee programs.  

 Lessons can also be learned from states that have the most in-lieu-fee projects on the 

ground, such as North Carolina, Virginia, Maine, and New Hampshire, respectively (Figure 

4.12). The prevalence of in-lieu-fee mitigation in these states could be due to supportive political 

environments and regulations. For example, Maine and North Carolina have both authorized in-

lieu-fee mitigation by statute or regulation (Gardner, 2000). Further, in-lieu-fee mitigation in 

these states is conducted in partnership and according to agreements with well-established non-

profit organizations such as the National Audubon Society and the Nature Conservancy.  

 In Maine, the Revised Statutes address the protection and improvements of waters and 

specifically authorize the Maine Department of Environmental Protection to develop and use 

compensation fee programs (38 M.R.S.A. § 480-Z, 2016). One of the goals of Maine’s in-lieu-

fee program is to “substantially increase the extent and quality of restoration, enhancement, 

creation, and preservation of protected natural resources over that typically achieved by other 

forms of compensatory mitigation” (USACE, 2016f). In North Carolina, the North Carolina State 

In-Lieu Fee Program was established in 1997 with initial funding provided by the state 

legislature in 1996 (FHWA, 2016). According to the North Carolina Statues, North Carolina 

established the Division of Mitigation Services within the Department of Environmental Quality 

(§ 143-214.8, 2016). Within the Department, the Ecosystem Restoration Fund was established as 

a repository for payments made in lieu of compensatory mitigation to be used for the purpose of 

“the acquisition, perpetual maintenance, enhancement, restoration, or creation of wetlands…” (§ 

143-214.12, 2016). Review of how these (and similar) statues were established, and how 
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agreements with long-standing nonprofits were created can help to guide the establishment of 

similar statues and agreements in Texas.  

V. INCORPORATION OF ECOSYSTEM SERVICES INTO COMPENSATORY 

WETLAND MITIGATION POLICIES AND PRACTICES 

 The goals of this section are to assess if wetland policy and mitigation would be more 

effective at protecting ecosystem resilience if an ecosystem services approach was implemented 

and to highlight challenges and opportunities related to incorporating ecosystem services into 

wetland mitigation policy and practices. The current use of, and benefits associated with, an 

ecosystem services approach in environmental policy are discussed and provide justification for 

use of an ecosystem services approach. Potential pathways for incorporating ecosystem services 

into the compensatory wetland mitigation process are then discussed.  

V.A. Ecosystem Services in Environmental Policy  

 Continued loss of biodiversity has led to an increasing interest in policies, guidelines, and 

strategies that focus on the protection and restoration of ecosystem services (Posner et al. 2016; 

Hauck et al. 2013). The use of an ecosystem services approach has been cited as a means to 

support resilient ecosystems, healthy communities, and strong economies (Schaefer et al. 2015). 

Worldwide, policy makers are now including ecosystem services in their strategies (Schaefer et 

al. 2015; Hauck et al. 2013; Maes et al. 2012). Further, research has shown that the ecosystem 

services concept is an effective tool to communicate the benefits associated with conservation to 

a variety of stakeholders (Reid et al. 2006).  

 Researchers suggest that in order for ecosystem services to be incorporated into decision 

making, there is a need to better understand “how and why decision makers use certain kinds of 

information” (Posner et al. 2016). Posner et al. (2016) found that ecosystem services have the 
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most potential to impact policy and decision making when information is produced in an 

unbiased way and accounts for the perspectives of multiple stakeholders. Thus, stakeholder 

engagement is key to affecting policy and decision making. Further, faith in the knowledge that 

an ecosystem services approach is science-based and able to be quantified is also necessary for 

the approach to be used and palatable to decision makers.  

 Recently, in the United States, there have been three major actions (the 2008 

Compensatory Mitigation Rule, the 2013 Interagency Guidelines, and the 2015 Presidential 

Memorandum) that suggest or call for the incorporation of ecosystem services into decision 

making (Presidential Memorandum, 2015; Interagency Guidelines, 2013; 33 C.F.R. Part 332 

(2008)). Further, two reports from the President’s Committee of Advisors on Science and 

Technology discuss the incorporation of ecosystem services into U.S. policy. The first report 

titled “Teaming with Life: Investing in Science to Understand and Use America’s Living 

Capital” was published in 1998 and has been cited as a catalyst for the incorporation of 

ecosystem services into U.S. policy (Schaefer et al. 2015). In 2011, this report was revisited and 

concepts were incorporated into a new report titled, “Sustaining Environmental Capital: 

Protecting Society and the Economy.” These major actions and reports (and the concepts 

therein), in addition to efforts undertaken in other parts of the world, provide justification for 

conducting research on incorporating ecosystem services into decision making and provide 

insight into key concepts necessary to operationalize ecosystem services.  

 Insight into what agencies are doing to incorporate ecosystem services into decision 

making has been aggregated by the National Ecosystem Services Partnership (NESP) and is 

included in a guidebook titled “Federal Resource Management and Ecosystem Services 

Guidebook.” This guidebook includes information on what each U.S. federal agency is doing in 
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relation to incorporating ecosystem services into decision making and also provides resources to 

assist in the implementation of an ecosystem services approach (NESP, 2016).  

V.B. Moving Toward the Incorporation of Ecosystem Services into Compensatory Wetland 

Mitigation 

 The 2008 Compensatory Mitigation Rule states that ecosystem services “should” be 

taken into account when implementing compensatory wetland mitigation. The difference 

between use of the terms “should” and “shall” affects how future policies are developed and 

implemented. The term “shall” is a directive, whereas the term “should” is a suggestion. 

Therefore, the 2008 Compensatory Mitigation Rule simply suggests that ecosystem services be 

taken into account. Researchers argue that efforts will need to be made to integrate research on 

ecology, economics, and geography at the local landscape scale if ecosystem services are to be 

incorporated into wetland mitigation (Ruhl et al. 2009). These same researchers also warn that 

ecosystem services are “unlikely to gain policy traction without substantial research into the 

development of efficient and reliable wetland ecosystem service assessment methods” (Ruhl et 

al. 2009).  

 Although ecosystem services are not required for consideration in the compensatory 

wetland mitigation process, research suggests that the USACE is considering incorporating 

ecosystem services into wetland mitigation due to the benefits associated with taking an 

ecosystem service approach. In February 2016, the USACE released a report that cites several 

advantages of incorporating ecosystem services into agency processes and decision making, 

including: 1) enhanced communication with stakeholders and the general public, 2) better 

informed decision making through the consideration of impacts and benefits associated with a 

specific decision, 3) more accurate characterization of a project’s impacts and benefits at broader 
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spatial and temporal scales, and 4) identification and involvement of new partners (USACE, 

2016e). The report specifically mentions wetland mitigation as one way in which the USACE 

can incorporate ecosystem services into their practices and cites partnerships with agencies such 

as the Department of Transportation as a potential path forward (USACE, 2016e). More 

opportunities for the USACE to partner with other agencies and build off of the ecosystem 

service work they are currently conducting are listed in Reed et al. (2013).  

  In an effort to operationalize an ecosystem services approach within the wetland 

compensatory mitigation process, insight and guidance is provided in the following sections. 

Two ways in which ecosystem services can be incorporated into wetland compensatory 

mitigation is by elucidating the links between ecosystem services and wetland functions assessed 

as part of functional assessments, and by elucidating the links between ecosystem services and 

public interest review factors. In order for ecosystem services to be incorporated into wetland 

compensatory mitigation, efforts should be made to understand how decision making occurs 

within the compensatory mitigation process and the types of tools, information, and data needed 

by decision makers associated with the process.  Therefore, key individuals were identified as 

targets for educational materials, including: 1) individuals working on the permit review process 

for the USACE and GLO, 2) the Interagency Review Team, 3) the GLO Advisory Committee, 

and 4) members of the general public who are currently on the permit application notification list 

for public comment. These suggestions for the incorporation of ecosystem services into wetland 

compensatory mitigation are elaborated on in the sections that follow.  

V.C. Lessons Learned From Ecosystem Services Work Conducted by the USACE 

 In the 1990s, the USACE began to explore the concept of ecosystem services in 

accordance with the Evaluation of Environmental Investments Research Program (USACE, 
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2016e). The program resulted in the publication of over 20 reports (USACE, 2016e) that 

addressed topics such as: methods used to prioritize resource significance, monetary and non-

monetary valuation of environmental investments, tradeoff analysis, linkages between 

environmental outputs and human services, and evaluation of cultural resources. More recently, 

the USACE has established a work unit that has been working on a series of reports to 

investigate the potential for incorporating ecosystem goods and services into USACE planning 

(USACE, 2013a; USACE, 2013b; USACE, 2013c). Some of the lessons learned from these 

USACE ecosystem service reports are elaborated on below and have been incorporated into 

subsequent sections in an effort to operationalize ecosystem services in the wetland 

compensatory mitigation process.  

 The USACE developed a conceptual model that could be expanded upon by future 

research. This conceptual model is similar to other classic conceptual models that link ecosystem 

services to human well-being (MEA, 2005a). The conceptual model consists of four main 

categories: management activity, ecological outcomes, ecosystem goods and services, and social 

benefits (Murray et al. 2013; Figure 4.13).  

 

 
Figure 4.13. Ecosystem services conceptual model developed by the USACE. Source: Murray et 
al. (2013).  
 
 

Management(
Ac+vity(

Response''
Func+on'

Ecological(
Outcomes(

Ecosystem(Goods(
and(Services( Social(Benefits(

!' !'!'
Ecoservice'
Produc+on'
Func+on'

Benefit'/''
Damage'
Func+on'



 

 149 

 When assessing the first category of the model (management activities), planning 

horizon, future land use changes, statutory and legislative requirements, and partnering agency 

actions should be considered (Murray et al. 2013). Concepts included in the second category of 

the model (ecological outcomes) are measured using biophysical metrics as you would see in a 

hydrogeomorphic (HGM) functional assessment model, such as those used by USACE Districts 

to conduct functional assessments of potential impact and mitigation sites (Murray et al. 2013). 

In the conceptual model, in order to get from ecological outcomes to ecosystem goods and 

services, ecoservice production functions need to be assessed (Murray et al. 2013). An 

ecoservice production function is defined as “a qualitative or quantitative model that establishes 

whether potential services are likely to be produced through interactions of people with the 

ecosystem” (Murray et al. 2013). These ecoservice production functions are also known as 

benefit relevant indicators or ecosystem service indicators. Then, as a final link in the model, in 

order to assess whether a change in an ecosystem good or service will affect social benefits, a 

benefit/damage function needs to be included (Murray et al. 2013). The benefit/damage function 

“estimates how a change in ecosystem goods and services may affect human welfare” (Murray et 

al. 2013).  

 In order to implement this type of conceptual model, there is a need to determine the 

ecosystem services that are important to the USACE and partners (Murray et al. 2013). Murray 

et al. (2013) suggest a method similar to the method used by Yoskowitz et al. (2010). Yoskowitz 

et al. (2010) conducted a workshop at which definitions of ecosystem services were agreed upon 

and framed in the context of human values. The focus was on ecosystem services that are 

relatively easy to value and quantify and that are able to be expressed in terms that are easily 

understood to policy makers and the public. Ecosystem services determined to be most 
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appropriate for the Gulf of Mexico region were agreed upon by stakeholders at the workshop 

(Table 4.4).    

 According to Murray et al. (2013), the criteria used to select which ecosystem services to 

include are: legal relevance, demand and limited supply, stakeholder interest, ability to use the 

service in distinguishing project alternatives, and availability and accessibility of data (Murray et 

al. 2013). Murray et al. (2013) also noted that lack of data availability “and the cost and 

complexity of acquiring missing data and information, may limit which services are included in 

the analysis or in how explicitly services can be measured.” It is also recognized that a subset of 

relevant services will need to be selected for any given project (Murray et al. 2013). 

Table 4.4. Ecosystem services most appropriate for consideration within the Gulf of Mexico 
region, organized into categories according to the directness of the perceived benefit (with the 
least direct category at the top of the table). Asterisks represent highest ranked ecosystem 
services for marshes. Source: Yoskowitz et al. (2010).  

  

Provisioning	Goods	and	Services	(dependent	on	Support	Services)	

Pollutant	A7enua8on	

Air	Supply	

Water	Quan8ty	

Water	Quality	

Food	

Raw	Materials	

Medicinal	Resources	

Gas	Regula8on	

Ornamental	Resources	

Climate	Regula8on	

Outcomes	and	Benefits	to	Society	

Hazard	Modera8on*	

Aesthe8cs	and	Existence	

Spiritual	and	Historic	

Science	and	Educa8on	

Recrea8onal	Opportuni8es*	

Ecosystem	Founda8on	or	Support	Services	

Nutrient	Balance*	

Hydrological	Balance	

Biological	Interac8ons*	

Soil	and	Sediment	Balance*	
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V.D. Incorporating Ecosystem Services into Wetland Compensatory Mitigation Assessment 
Methods  
 Depending on the location and agencies with jurisdiction in a specific area, different 

assessment methods are used to assess wetland replacement ratios and the effectiveness of 

wetland mitigation. This section focuses on creating clear connections between assessment 

methods commonly used in Texas wetland compensatory mitigation and ecosystem services of 

value to stakeholders in the northern Gulf of Mexico region.  

 Over the history of wetland compensatory mitigation, there has been a shift in the 

replacement of wetlands from an area-based to a function-based approach. Originally, a ratio of 

1:1 to was required for wetland mitigation. However, increasing awareness of the difference in 

functioning provided by natural versus restored wetlands eventually led to a requirement for a 

higher ratio of wetland replacement (for example, a 3:1 replacement ratio). Then, the 1990 MOA 

between the EPA and USACE established a shift from replacement of wetland acreage to the 

replacement of wetland functional capacity. However, because wetlands function differently 

based on wetland type and location, many locally relevant functional assessment methodologies 

had to be developed and have been slow to be implemented. For example, the USACE Galveston 

District only uses a functional assessment method for mitigation conducted in the northern 

portion of coastal Texas. In the southern portion of coastal Texas, the USACE Galveston District 

still uses the ratio method. The functional assessment used along the northern portion of coastal 

Texas is a hydrogeomorphic approach called the “Regional Guidebook for Applying the 

Hydrogeomorphic Approach to Assessing Wetland Functions of the Northwest Gulf of Mexico 

Tidal Fringe Wetlands.”  

 One method of incorporating ecosystem services into the wetland compensatory 

mitigation process is to illustrate the connections between wetland functions assessed in 
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functional assessment methodologies and ecosystem services of interest to local stakeholders. If 

a specific USACE District has not yet incorporated the use of a functional assessment 

methodology, transitioning to an ecosystem services-based approach will be more difficult to 

implement. Included below are sections that describe the assessment methodologies used in 

Texas wetland compensatory mitigation by the USACE and Texas GLO. As the permitting 

agency in Texas, the GLO works in collaboration with the USACE and conducts conditional 

assessments to determine the effectiveness of wetland mitigation within their jurisdiction. 

Conceptual models that link ecosystem services to metrics associated with assessment 

methodologies used by the USACE and GLO have been developed and are included in the 

sections below.  

V.D.1. Incorporation of Ecosystem Services into the USACE’s Hydrogeomorphic 

Assessment Method 

 The Hydrogeomorphic (HGM) Assessment Method is used for rapid determination of 

wetland functional performance and can be used to manage wetlands by comparing the 

functional performance of a wetland to similar wetlands in the region (Shafer et al. 2002; Smith 

and Wakeley 2001; Brinson 1996). The HGM approach is a combination of the Wetland 

Evaluation Technique and Environmental Monitoring Assessment Program-Wetlands approach 

and is intended to make wetland assessment simpler and more applicable at the local scale 

(Novitzki et al. 1996). The output of an HGM functional assessment is a replacement ratio 

calculation, which is used for permit negotiations between the regulator and the permit applicant 

(Brinson 1996). 

 The HGM approach used in the USACE Galveston District, TX was developed by Shafer 

et al. (2002) and is titled the “Regional Guidebook for Applying the Hydrogeomorphic Approach 
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to Assessing Wetland Functions of the Northwest Gulf of Mexico Tidal Fringe Wetlands”. The 

Regional Guidebook was developed for use on tidal fringe wetlands, which refers to vegetated 

habitats in the intertidal zone of marine, estuarine, or riverine systems, and includes wetlands 

commonly referred to as intertidal marshes, salt marshes, forested riverine swamps, and 

mangrove swamps.  

 The Regional Guidebook’s assessment protocol comprises seven steps: 1) define 

assessment objectives, 2) characterize the project area, 3) screen for red flags, 4) define the 

wetland assessment area, 5) collect field data, 6) analyze field data, and 7) apply assessment 

results. Many functions are assessed as a part of the process (Table 4.5).  

 

Table 4.5. Functions assessed when conducting a hydrogeomorphic (HGM) approach used in 
Northwest Gulf of Mexico tidal fringe wetlands in the USACE Galveston District.  
HGM	Function	 Function	Definition		

Shoreline	stabilization	
Ability	of	a	wetland	to	maintain	existing	shorelines	against	erosion	
and	subsidence	due	to	relative	sea	level	rise	

Sediment	deposition	

Potential	deposition	or	retention	of	inorganic	and	organic	
particulates	from	the	water	column,	primarily	through	physical	
processes	

Nutrient	and	organic	carbon	
exchange	

Ability	of	a	tidal	wetland	to	export	or	import	nutrients	and	organic	
carbon	via	tidal	flushing,	deposition,	and	erosion	

Resident	nekton	utilization	

Potential	utilization	of	a	marsh	by	resident	(nonmigratory)	fish	and	
macrocrustacean	species;	Utilization	includes	use	as	forage	habitat,	
spawning	sites,	or	a	predation	refuge	

Non	resident	nekton	utilization	

Potential	utilization	of	a	site	by	seasonally	occurring	adults	or	
juveniles	of	marine	or	estuarine-dependent	fisheries	species;	
Utilization	includes	use	as	forage	habitat	or	a	predation	refuge		

Maintain	invertebrate	prey	
pool	

Potential	for	the	wetland	to	produce	and	maintain	a	characteristic	
benthic	and	epiphytic	invertebrate	prey	pool	

Provide	wildlife	habitat	
Potential	utilization	of	the	marsh	by	resident	and	migratory	
avifauna,	herpetofauna,	and	mammals	

Maintain	characteristic	plant	
community	composition	

Ability	of	a	wetland	to	support	a	native	plant	community	of	
characteristic	species	composition	

Plant	biomass	production	
Estimate	of	standing	crop	as	an	indicator	of	the	potential	for	a	site	
to	produce	plant	material	
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 Additional topics to be considered when characterizing the project area according to the 

Regional Guidebook include: 1) climate, 2) surficial geology, 3) geomorphic setting, 4) tidal 

flooding regime, 5) vegetation, 6) soils, 7) land use, 8) proposed impacts, and 9) any other 

characteristics or processes that have the potential to influence how wetlands at the project area 

perform functions. Red flag areas can include: 1) native lands, 2) hazardous waste sites, 3) 

critical habitat, 4) floodplains, 5) areas of historic or archeological significance or that contain 

unique geological features, 6) national wildlife refuges, 7) areas supporting rare or unusual plant 

communities or threatened or endangered species, 8) city, county, state, and national parks, 9) 

areas designated as sole source groundwater aquifers, and 10) areas protected under the: Coastal 

Zone Management Plan, Farmland Protection Act, Land and Water Conservation Fund Act, 

Marine Protection Research and Sanctuaries Act, North American Waterfowl Management Plan, 

RAMSAR treaty, Wild and Scenic Rivers Act, or Wilderness Act. 

 To elucidate the connections between functions and ecosystem services and move toward 

the operationalizing an ecosystem services approach, a conceptual diagram was created that links 

the functions assessed in the HGM model to ecosystem services identified by Yoskowitz et al. 

(2010) to be of value to stakeholders in the Gulf of Mexico region (Figure 4.14).  
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Figure 4.14. Conceptual diagram of the linkages between hydrogeomorphic functions and locally 
relevant ecosystem services.  
 
 
V.D.2. Incorporation of Ecosystem Services into the GLO’s Rapid Assessment Method  

 Rapid Assessment Methods are used to determine scores that indicate ecological integrity 

(Staszak and Armitage 2012). The USACE Fort Worth District, TX uses a Rapid Assessment 

Method known as TXRAM. This TXRAM methodology was altered by Briden (2014) to meet 

local coastal needs and conditions within the jurisdiction of the GLO. This altered rapid 

assessment methodology (RAM) is currently being tested by the GLO and will potentially be 

used to assess wetland condition and level of function.  

 To elucidate the connections between RAM metrics and ecosystem services and move 

toward the operationalizing an ecosystem services approach, a conceptual diagram was created 

that links the metrics assessed in the GLO’s RAM model (Table 4.6) to ecosystem services 

identified by Yoskowitz et al. (2010) to be of value to stakeholders in the Gulf of Mexico region 

(Figure 4.15). The RAM model differs from the HGM model in that the RAM model is a 
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conditional assessment, and the HGM model is a functional assessment. Therefore, the RAM 

metrics used to assess the condition of a wetland can affect the provision of ecosystem services 

but do not necessarily provide ecosystem services.  

 
Table 4.6. Descriptions of the metrics used in the Rapid Assessment Method (RAM). Obtained 
from Briden (2014) and USACE (2010).  
RAM	Metric	 Metric	Description	

Buffer	
Measure	of	the	quantity	and	characteristics	of	an	area	as	they	relate	to	
reducing	the	effects	of	stressors	and	disturbance	on	the	area	

Eco-connectivity	

Measure	of	the	spatial	relationship	of	the	area	to	other	aquatic	
resources	to	which	the	area	is	connected	(e.g.	hydrology	or	movement	
of	wildlife)	

Man-made	structures	

Structures	that	can	shade	vegetation,	cause	disturbance	to	substrates,	
cause	changes	in	elevation,	introduce	contaminants,	or	interrupt	
ecosystem	dynamics	(e.g.	docks,	piers,	viewing	platforms,	or	bridges)	

Barriers	to	landward	
migration	

Addresses	concerns	about	the	future	condition	and	longevity	of	the	area	
(can	be	physical,	hydrologic,	or	ecologic)	

Tidal	restrictions	
Factors	that	may	alter	hydroperiods	or	hydrolic	flow	in	wetlands	(e.g.	
levees,	berms,	roads,	or	diversions)	

Surface	water	flow	
alterations	

Alterations	that	relate	to	the	channelization	or	redirection	of	surface	
waters	away	from	the	area	(e.g.	culvert,	piping	system,	geotubes,	or	
deep	channels)	

Point	sources	of	
pollution	

Any	discernible,	confined,	or	discrete	conveyance	(including	but	not	
limited	to	a	pipe,	ditch,	channel,	tunnel,	conduit,	well,	discrete	fissure,	
container,	rolling	stock,	concentrated	animal	feeding	operation,	or	
vessel	or	other	floating	craft,	from	which	pollutants	are	or	may	be	
discharged)	

Percent	vegetation	
coverage	 Percent	of	the	area	that	is	covered	by	vegetation	
Vegetation	species	
diversity	

Measures	the	condition	of	an	area;	calculated	using	the	Shannon-Weiner	
index	

Wildlife	abundance	
Ability	of	a	wetland	to	support	wildlife;	related	to	ecological	integrity	of	
an	area	
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Figure 4.15. Conceptual diagram of the linkages between the GLO’s RAM model metrics and 
locally relevant ecosystem services.  
 
 

V.D.3. Ecosystem Services and Wetland Mitigation Ratios 

 A mitigation ratio is “the ratio of mitigated wetland area to impaired wetland area” 

(Hoehn et al. 2003). Typically, mitigation ratios vary by wetland type (Hoehn et al. 2003). The 

ratio is fixed in some USACE districts, but is then altered to account for a particular wetland’s 

economic value due to its proximity to an urban area, etc. (Hoehn et al. 2003). These mitigation 

ratios can be further refined by using the HGM functional approach. 

 Originally, according to the Clean Water Act, impacted wetlands had to be replaced at a 

ratio of 1:1. However, increasing awareness of the difference in functions provided by natural 

versus restored habitats led to a requirement for a higher ratio of wetland replacement. A ratio of 
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approximately 3:1 is most common for wetlands regulated by the GLO in Texas (Jesse Solis, 

Texas GLO, pers. comm., June 2016). In the USACE Galveston District, the ratios are as 

follows: seagrass 3:1, mangroves 3:1, smooth cordgrass marsh 2:1, tidal flat 1:1, shallow 

unvegetated bay bottom (less than 6 ft deep) 0.5:1, and deep unvegetated bay bottom (more than 

6 ft depth) 0.25:1 (Paul Silva, TPWD, pers. comm., May 2016). These standard ratios are often 

altered using best professional judgment. By taking an ecosystem services approach, and 

accounting for lost functions and values, the mitigation:impact ratio might be even greater. For 

example, researchers suggest that taking carbon benefits into account could greatly increase 

mitigation ratios (Sutton-Grier et al. 2014).  

V.E. Ecosystem Services and Public Interest Review Factors 

 Another method of incorporating ecosystem services into the wetland compensatory 

mitigation process is through the public interest review process (Figure 4.5). A public interest 

review includes an assessment of a proposed project’s impact on wetland functions and other 

public interest factors (Smith et al. 1995). Many public interest review factors are similar to 

commonly assessed ecosystem services. Thus, if locally relevant, quantifiable values of these 

public interest review factors can be researched and made available for use by agency 

representatives and the general public, these individuals can then provide comments based on 

sound science during the public interest review process. Public interest review factors assessed as 

part of the public interest review include:  

• conservation 

• economics 

• aesthetics 

• general environmental concerns 

• wetlands 

• historic properties 
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• fish and wildlife values 

• flood hazards 

• floodplain values 

• land use 

• navigation 

• shore erosion and accretion 

• recreation  

• water supply and conservation 

• water quality, 

• energy needs 

• safety 

• food and fiber production 

• mineral needs 

• considerations of property ownership 

• the needs and welfare of the people 

 
 These public interest review factors are weighted based on their importance and 

relevance to the specific proposal being assessed and used to inform best professional judgment 

when determining mitigation requirements which are eventually included in a decision document 

associated with a permit application (Jayson Hudson, USACE, pers. comm., May 2016).  

V.F. Ecosystem Service Tools and Data Availability to Enhance Decision Making 

 The 2008 Compensatory Mitigation Rule states that best professional judgment should be 

used to address incorporation of ecosystem services into the compensatory mitigation process. 

One way to move toward that goal would be to provide information to the professionals working 

within the wetland compensatory mitigation process. Information potentially valuable to these 

professionals could be a summary of ecosystem service tools and data availability. Further, it is 
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suggested that stakeholder analysis be conducted to assess the needs of the professionals working 

within the compensatory mitigation process.  

 There are many decision-support tools that have been developed by researchers and 

practitioners in the field of ecosystem services. Examples of these types of tools include 

software, web-based tools, and online databases. Specific examples of some of these tools that 

are potentially useful to resource managers, wetland mitigation practitioners, and decision 

makers are described below.  

 The Integrated Valuation of Ecosystem Services and Tradeoffs Tool (InVEST) is an 

open-source software toolset developed by the Natural Capital Project to help natural resource 

decision makers. InVEST is a production function approach that can be used within mapping 

software (such as QGIS or ArcGIS) to assess different management options, including ecosystem 

service tradeoff analysis. Output from InVEST can be represented in biophysical or economic 

terms. InVEST includes many tools, one of which is called Opal and is used to quantify the value 

of protection and restoration activities on biodiversity and ecosystem services. Another InVEST 

tool, called Marine InVEST, was developed specifically for marine and coastal applications.  

 ARtificial Intelligence for Ecosystem Services (ARIES) can be used for spatial mapping 

and quantification of ecosystem services. The ARIES model integrates environmental and 

socioeconomic systems and is unique in that it spatially maps the flow of ecosystem services 

from supply to consumption. This could be useful when discussing how changing the location or 

type of mitigation might affect the supply and consumption of resulting ecosystem services. 

ARIES is unique in that it is a beneficiary-based as opposed to a supply-based approach (Villa et 

al. 2014).  
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 SolVES stands for Social Value for Ecosystem Services. SolVES is a GIS application 

used for assessing, mapping, and quantifying perceived social values of ecosystem services. 

SolVES is based on perceived value, rather than actual value, but can be used to understand how 

local stakeholders value natural systems. SolVES has been applied to many case studies, 

including one within the Mission-Aransas National Estuarine Research Reserve, TX (see Lopez, 

2015).  

 Additionally, online databases are available that track studies that document the monetary 

value of ecosystem services provided by specific habitat types. An example of such an online 

database is GecoServ, which stands for Gulf of Mexico Ecosystem Services Valuation Database. 

GecoServ was created to share and distribute ecosystem service information with researchers and 

resource managers (Plantier-Santos et al. 2012). Within GecoServ, data are organized by habitat 

type and ecosystem service type.  

V.G. Recommendations for Incorporating Ecosystem Services into Compensatory Wetland 

Mitigation in Texas 

 Although ecosystem services are not currently required for consideration in wetland 

compensatory mitigation (except for within the public interest review), research should continue 

to address how to incorporate ecosystem services into the wetland compensatory mitigation 

process based on the benefits associated with taking an ecosystem services approach to natural 

resource management. Further, the Texas Administrative Code states that development shall not 

be authorized if it will have adverse effects on human health and welfare including effects on 

“generally accepted recreational, aesthetic or economic values” (TAC 31.501.23, 2016). 

Therefore, continued research on how these values might be affected as a result of wetland 
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permitting and subsequent mitigation should be pursued. Suggestions for incorporating 

ecosystem services into wetland compensatory mitigation in Texas include:  

• Refinement of the conceptual models developed herein that link ecosystem services to 

HGM functions and RAM metrics (Figure 4.14; Figure 4.15)	

• Quantification of HGM functions and RAM metrics that are linked to highly valuable 

ecosystem services provided by wetlands in the region	

• Survey of individuals associated with the wetland permitting process in Texas to 

determine 1) focal ecosystem services, 2) focal public interest review factors, 3) how 

these individuals prefer to receive information, and 4) the types of tools (such as those 

discussed in section V.F.) needed to enhance decision making	

• Quantify public interest review factors in order to provide scientifically-sound estimates 

of ecosystem services to resource managers and individuals who comment during the 

public interest review process  

VI. OVERALL RECOMMENDATIONS 

 The goals of this research were to provide perspective and insight into possible pathways 

forward for enhancing wetland compensatory mitigation in coastal Texas and to describe 

challenges and opportunities involved in incorporating ecosystem services into the wetland 

mitigation framework. Based on the assessment of compensatory wetland mitigation included 

herein, there are many recommended paths forward to enhance wetland mitigation in Texas and 

to start to move in the direction of incorporating ecosystem services into wetland mitigation 

decision making. Future work should:  

• Explore the development of a functional assessment methodology for the southern 

portion of the state	
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• Explore the development of an in-lieu-fee program that targets projects in the southern 

portion of the state (where mitigation banks are largely absent)	

• Explore opportunities for collaboration with (and/or learning from) other states and/or 

USACE districts that have well-established in-lieu-fee programs in place 

• Conduct stakeholder analysis of individuals associated with the compensatory wetland 

mitigation process in Texas to better understand their needs and to determine 1) focal 

ecosystem services, 2) focal public interest review factors, 3) how these individuals 

prefer to receive information, and 4) the types of tools (such as those discussed in section 

V.F.) needed to enhance decision making 

• Refine of the conceptual models developed herein that link ecosystem services to HGM 

functions and RAM metrics (Figure 4.14; Figure 4.15)	

• Quantify the HGM functions and RAM metrics that are linked to highly valuable 

ecosystem services provided by wetlands in the region and that are most relevant to 

current projects being assessed through functional and conditional assessment methods	

• Quantify public interest review factors in order to provide scientifically-sound estimates 

of ecosystem services to resource managers and individuals who comment during the 

public interest review process  

• Develop collaborative research projects between ecosystem service researchers and 

resource managers that address the incorporation of ecosystem services into the wetland 

permitting process	

  

 There are a relative lack of mitigation banks and in-lieu-fee programs in South Texas 

compared to other parts of the state and the country as a whole. The market drives the 
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development of mitigation banks in a specific area so suggestions for increasing the number of 

mitigation banks in South Texas are not applicable due to low market demand. However, in-lieu-

fee programs could be developed by an interested and qualified agency or nonprofit organization. 

Thus, the creation of an in-lieu-fee program, which is mandated as a preferable mitigation 

method to permittee responsible mitigation, should be explored. Lessons could be gleaned from 

the USACE districts with the most in-lieu-fee programs, such as the USACE Wilmington, 

Norfolk, and New England Districts. Additionally, available resources for the development of in-

lieu-fee programs should be utilized. Examples of such resources include the In-Lieu Fee 

Mitigation Training Webinar Series conducted by the Environmental Law Institute, which is 

designed to assist interested groups to develop refine in-lieu-fee programs and a report by the 

Environmental Law Institute (see Wilkinson et al. 2008). The In-Lieu-Fee Guidance (2000) and 

the Compensatory Mitigation Rule (2008) also provide guidance related to developing in-lieu-fee 

programs.  

 Stakeholder analysis of individuals associated with the compensatory wetland mitigation 

process in Texas should be conducted. Potential stakeholders include USACE and GLO 

employees working on the wetland permitting process, members of the Galveston District 

Interagency Review Team, and the Coastal Coordination Advisory Committee (Table 4.2; Table 

4.3). Surveys could be conducted to determine the needs of these individuals, including the types 

of tools and information they need to enhance their decision making.  

 Public interest review factors are one way in which wetland ecosystem services are 

already incorporated into the wetland permitting process. Further, elucidation of the connections 

between public interest review factors and ecosystem services most relevant to local stakeholders 

will help to strengthen the protection of local wetland ecosystem services and enhance the 
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assessment of ecosystem services in the permit review process. Public interest review factors 

should also be quantified when possible. This type of information should be distributed to people 

working on the permitting process within the USACE and GLO, members of the Interagency 

Review Team, and to the general public, especially those currently signed up to receive USACE 

notifications for requests for input on permit applications. Assessments should be conducted to 

determine the manner in which stakeholders prefer to receive this type of information.  

  Conceptual models were developed that connect ecosystem services relevant to 

stakeholders within the Gulf of Mexico region to functions and conditions assessed as part of 

assessment methodologies. Future research should focus on prioritizing specific ecosystem 

services based on: 1) ease of quantification (including availability of data or the possibility for 

assessment using remote sensing methods), 2) rank of value to local stakeholders, or 3) level of 

threat to the ecosystem service. Further, tradeoff analyses between key ecosystem services could 

help decision makers weigh the pros and cons associated with specific management actions.  

  In order to enhance the decision making capacity of resource managers and decision 

makers, ecosystem service information and data needs to be closely linked to management 

scenarios and alternative actions (Martinez-Harms et al. 2015). Therefore, researchers should 

work in coordination with, or under the guidance of, decision makers and resource managers 

when attempting to refine the incorporation of ecosystem services into wetland mitigation 

practices. Further, collaboration between agencies and experts was emphasized in the 2013 

Interagency Guidelines, which state that agencies shall engage and work collaboratively with 

experts, especially on projects that address ecosystem services.  

 In order to effectively incorporate ecosystem services into decision making, agencies 

should prioritize opportunities to work collaboratively with ecosystem service researchers, either 
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by enlisting student interns or fellows to work on ecosystem service projects or by specifying 

targeted funding for ecosystem service-focused projects. The USACE, for example, has several 

internship and fellowship programs, such as the “Pathways Internship Program” and the 

“Presidential Management Fellows Program”, under which interns and fellows could be given 

research projects that focus on ecosystem services. Another opportunity for agencies to 

collaborate with ecosystem service researchers is via the Texas Coastal Management Program, 

administered by the Texas GLO. The Texas Coastal Management Program could target funding 

for wetland ecosystem service research in an effort to incorporate ecosystem services into 

decision making and practices that affect Texas’ coastal resources, including wetlands.  

 Collaborative projects involving the incorporation of ecosystem services into wetland 

restoration and mitigation could involve the development of case studies and pilot projects. An 

example of a potential case study could be the incorporation of an ecosystem services approach 

into a specific wetland permitting process, such as a recently obtained wetland permit. The type 

of approach could include the incorporation of ecosystem services into the HGM assessment 

process or into the Public Interest Review process in a more quantitative manner. Scenarios 

could then be developed to show potential changes in ecosystem service provision by taking an 

ecosystem services approach as opposed to a business as usual approach. This type of approach 

could be expanded upon using suggestions included in Ruhl et al. (2009), which serve as 

valuable guidance for incorporating ecosystem services into wetland mitigation.   

VII. CONCLUSION 

 Wetlands are arguably one of the nation’s most valuable assets. Despite this commonly 

accepted fact, research continues to document the failure of wetland mitigation policy and 

practices in protecting this asset and the benefits we derive from it (Gonzalez et al. 2014; Torres, 
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2013; Dahl and Stedman, 2013; Dahl, 1990). The question we should ask ourselves is: How long 

we will continue to acknowledge the ongoing loss of this valuable asset, and accept the status 

quo, without taking action to attempt to reverse this loss and ensure the Clean Water Act and the 

compensatory mitigation process function as they were originally intended? The status quo 

should be questioned and attempts should be made to reverse this loss not only by mitigating 

impacts to wetlands (as we are required to do by law), but by preserving high quality, natural 

wetlands that are still intact and highly functioning.  

 Further, the ecosystem services approach is a novel concept that has the potential to 

connect the value of wetlands to the people that benefit from their existence. Research 

documents that the incorporation of ecosystem services into resource management is valuable 

not only for the protection of biodiversity, but also as a means to support resilient ecosystems, 

healthy communities, and strong economies (Posner et al. 2016; Schaefer et al. 2015; Hauck et 

al. 2013). Additionally, the ecosystem services approach is an effective tool to communicate the 

benefits associated with conservation to a variety of stakeholders and can help to socialize the 

value of protecting coastal wetlands (Sutton-Grier and Moore, 2016; Reid et al. 2006). Perhaps it 

is time to attempt to operationalize an ecosystem services approach to wetland compensatory 

mitigation and see if we are able to reverse the continued loss of wetlands in the United States.  
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I. SUMMARY OF RESEARCH FINDINGS AND SUGGESTIONS FOR FUTURE 

RESEARCH 

 The overarching goal of this dissertation was to operationalize ecosystem services for 

science-based decision making, particularly in the context of wetland mitigation and restoration. 

Results of this dissertation research and suggestions for future research associated with each 

chapter are summarized below.  

I.A. Chapter II: Carbon Storage in Coastal Wetlands of the Northern Gulf Of Mexico 

 A meta-analysis was conducted to examine the variability in carbon storage between 

marshes and mangroves along the northern Gulf of Mexico and to identify data gaps and 

research needs in the region. Data were categorized as aboveground biomass, belowground 

biomass, and soil carbon. There is an abundance of published data on the carbon storage capacity 

of salt marshes in this region. However, there are less data available on the carbon storage 

capacity of mangroves, especially for belowground biomass. Results suggest that all 

compartments of salt marsh carbon storage are significantly different from one another, with the 

majority of carbon stored in soil carbon and belowground biomass, respectively. Due to lack of 

mangrove data, only the soil carbon compartment of salt marshes and mangroves were compared 

and were not significantly different from each other. 

 There is a need for more estimates of above- and belowground biomass of mangroves in 

the northern Gulf of Mexico. We could not find enough data for above- or belowground biomass 

of mangroves to include in the meta-analysis. We were able to find studies that use allometric 

equations to estimate aboveground biomass of mangroves in the northern Gulf of Mexico, but 

studies that estimate belowground biomass of mangroves are scarce. Because of the development 

of many different types of allometric equations for mangroves in the northern Gulf of Mexico, 
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mangrove aboveground biomass does not need to be harvested in order to derive aboveground 

biomass estimates. Some equations have also been derived to estimate belowground biomass of 

mangroves. We suggest the derivation and/or application of allometric equations to estimate 

mangrove aboveground and belowground estimates in the northern Gulf of Mexico, especially in 

Texas and Louisiana. Further, because soil represents the largest carbon pool in wetlands, we 

suggest that future research assess soil carbon to deeper depths (1m) in order to be able to 

quantify with certainty how much carbon is actually stored in the soil within certain areas.  

I.B. Chapter III: Operationalizing Blue Carbon in the Mission-Aransas National Estuarine 

Research Reserve, TX: Challenges and Opportunities 

 Data collected in Texas were extracted from the meta-analysis dataset and applied to a 

case study within the Mission-Aransas National Estuarine Research Reserve, TX. Scenarios were 

developed to assess potential changes in carbon storage assuming a transition from salt marsh- to 

mangrove-dominated habitat. Due to greater carbon storage potential in mangrove aboveground 

biomass, scenarios suggest an increase in aboveground carbon storage capacity, which relates to 

increased storm protection and climate mitigation. Belowground biomass and soil carbon data 

were limited, especially for mangroves, but data available from outside the study area were used 

to make predictions about potential changes within the system.  

 There is a need for more salt marsh soil carbon research in Texas. There is also a need for 

research on mangrove above- and belowground biomass studies in addition to soil carbon 

studies. Because most carbon is stored in soil carbon, these data gaps should be prioritized for 

both salt marshes and mangroves in Texas. Mangrove distribution in Texas is fairly well 

documented, but accurate spatial mapping efforts are scarce. If we want to understand the 
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provision of ecosystem services on a regional scale, we need to have better mangrove mapping 

efforts to utilize as a basis moving forward. 

I.C. Chapter IV: Historical Development of Federal Wetland Policies and Opportunities to 

Enhance and Incorporate Ecosystem Services into Wetland Compensatory Mitigation in 

Texas  

 A wetland policy assessment was conducted and elucidated the need for enhanced 

wetland compensatory mitigation in Texas. Implementing an ecosystem services approach in an 

effort to protect wetlands is suggested. The use of an ecosystem services approach has been cited 

as a means to support resilient ecosystems, healthy communities, and strong economies. 

Research suggests that ecosystem services have the most potential to impact policy and decision 

making when information is produced in an unbiased way and accounts for the perspectives of 

multiple stakeholders. Thus, stakeholder engagement is key to affecting policy and decision 

making. 

 In an effort to enhance wetland mitigation in Texas and to start to move in the direction 

of incorporating ecosystem services into wetland mitigation decision making, research efforts 

should focus on: 1) elucidating the connections between public interest review factors and 

ecosystem services, 2) exploring pathways forward regarding the creation of an in-lieu-fee 

program in Texas, 3) quantification of the functions and ecosystem services most relevant to 

current projects being assessed through functional assessment methods, and 4) development of 

specific case studies that incorporate ecosystem services into the wetland permitting process.  

 This research developed conceptual models that connect the replacement of wetland 

functions to specific ecosystem services and elucidated the connection between public interest 

review factors and ecosystem services. This work should be expanded upon in coordination with 
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key stakeholders with the intent of developing educational materials to assist individuals 

involved in the compensatory mitigation process.  

 In order to enhance the decision making capacity of resource managers and decision 

makers, ecosystem service information and data needs to be closely linked to management 

scenarios. Researchers should work on collaborative projects with, or under the guidance of, 

decision makers and resource managers when attempting to incorporate ecosystem services into 

wetland mitigation practices. 

II. CLOSING THOUGHTS 

 In order to be able to operationalize ecosystem services, a better understanding of how 

coastal wetlands are functioning in Texas and in the northern Gulf of Mexico is needed. Lack of 

consensus about the quality and quantity of blue carbon ecosystem services is due to uncertainty 

that stems from a lack of long-term, locally relevant, comprehensive studies on carbon budgets. 

Sources of uncertainty at the local level are identified by this study. Attempts should be made to 

eliminate these sources of uncertainty in order to be able to make resource management 

decisions that ensure coastal resiliency.  
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Table A.1. Temporal distribution of salt marsh aboveground biomass data. Numbers in the 
month columns represent the total number of samples taken within that month for that particular 
study.  
		 		 		 Month	
Sample	size	 Category	 Publication	 J	 F	 M	 A	 M	 J	 J	 A	 S	 O	 N	 D	

13	 mean	 Darby	and	Turner	(2008)	 1	 1	 2	 1	 1	 1	 1	 1	 1	 1	 1	 1	
10	 mean	 Edwards	and	Mills	(2005)	 1	 1	 1	 1	 1	 1	 1	 1	 1	 		 		 1	
10	 mean	 Edwards	and	Mills	(2005)	 1	 1	 1	 1	 1	 1	 1	 1	 1	 		 		 1	
12	 mean	 Gabriel	and	De	la	Cruz	(1974)	 1	 		 1	 1	 1	 1	 1	 1	 2	 1	 1	 1	
14	 mean	 Hopkinson	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 2	 2	 1	 1	 1	
14	 mean	 Hopkinson	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 2	 2	 1	 1	 1	
14	 mean	 Hopkinson	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 2	 2	 1	 1	 1	
14	 mean	 Hopkinson	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 2	 2	 1	 1	 1	
14	 mean	 Hopkinson	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 2	 2	 1	 1	 1	
14	 mean	 Hopkinson	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 2	 2	 1	 1	 1	
14	 mean	 Hopkinson	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 2	 2	 1	 1	 1	
12	 mean	 Hsich	(1996)	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	
7	 mean	 Hunter	et	al.	(2015)	 2	 		 		 2	 		 		 2	 		 		 1	 		 		
7	 mean	 Hunter	et	al.	(2015)	 2	 		 		 2	 		 		 2	 		 		 1	 		 		

13	 mean	 Kaswadji	et	al.	(1990)	 1	 1	 1	 1	 2	 1	 1	 1	 1	 1	 1	 1	
12	 mean	 Kirby	and	Gosselink	(1976)	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	
12	 mean	 Kirby	and	Gosselink	(1976)	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	
12	 mean	 Krucznski	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	
12	 mean	 Krucznski	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	
12	 mean	 Krucznski	et	al.	(1978)	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	
6	 mean	 Reed	and	Cahoon	(1992)	 		 1	 		 		 2	 		 		 2	 		 		 1	 		

17	 mean	 White	et	al.	(1979)	 1	 1	 2	 2	 1	 1	 1	 1	 2	 1	 2	 2	
17	 mean	 White	et	al.	(1979)	 1	 1	 2	 2	 1	 1	 1	 1	 2	 1	 2	 2	
17	 mean	 White	et	al.	(1979)	 1	 1	 2	 2	 1	 1	 1	 1	 2	 1	 2	 2	
1	 peak	 DeLaune	et	al.	(1984)	 		 		 		 		 		 		 		 		 1	 		 		 		
1	 peak	 DeLaune	et	al.	(1984)	 		 		 		 		 		 		 		 		 1	 		 		 		
1	 peak	 DeLaune	et	al.	(1979)	 		 		 		 		 		 		 		 		 1	 		 		 		
1	 peak	 Llewellyn	and	La	Peyre	(2011)	 		 		 		 		 		 		 		 		 		 1	 		 		
1	 peak	 Llewellyn	and	La	Peyre	(2011)	 		 		 		 		 		 		 		 		 		 1	 		 		
1	 peak	 Llewellyn	and	La	Peyre	(2011)	 		 		 		 		 		 		 		 		 		 1	 		 		
1	 peak	 Reed	and	Cahoon	(1992)	 		 		 		 		 		 		 		 1	 		 		 		 		
1	 peak	 Turner	and	Gosselink	(1975)		 		 		 		 		 		 		 		 1	 		 		 		 		
1	 peak	 Turner	and	Gosselink	(1975)	 		 		 		 		 		 		 		 1	 		 		 		 		
1	 peak	 Turner	and	Gosselink	(1975)	 		 		 		 		 		 		 		 1	 		 		 		 		
1	 peak	 Turner	and	Gosselink	(1975)	 		 		 		 		 		 		 		 1	 		 		 		 		
1	 peak	 Turner	and	Gosselink	(1975)	 		 		 		 		 		 		 		 1	 		 		 		 		
1	 peak	 Turner	and	Gosselink	(1975)	 		 		 		 		 		 		 		 1	 		 		 		 		
1	 peak	 White	et	al.	(1979)	 1	 		 		 		 		 		 		 		 		 		 		 		
1	 peak	 White	et	al.	(1979)	 		 		 		 		 		 		 		 1	 		 		 		 		
1	 peak	 White	et	al.	(1979)	 		 		 		 		 		 		 		 		 		 1	 		 		
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Table A.2. Temporal distribution of salt marsh belowground biomass data. Numbers in the 
month columns represent the total number of samples taken within that month for that particular 
study.  
		 		 		 Month	
Sample	
size	

Category	 Publication	 J	 F	 M	 A	 M	 J	 J	 A	 S	 O	 N	 D	

14	 mean	 Darby	and	Turner	(2008)	 1	 1	 3	 1	 1	 1	 1	 1	 1	 1	 1	 1	
12	 mean	 De	la	Cruz	and	Hackney	(1977)	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	
6	 mean	 Hunter	et	al.	(2015)	 2	

	 	
2	

	 	
1	

	 	
1	

	 	6	 mean	 Hunter	et	al.	(2015)	 2	
	 	

2	
	 	

1	
	 	

1	
	 	22	 mean	 Krucznski	et	al.	(1978)		 2	 2	 2	 2	 2	 2	 2	 2	

	
2	 2	 2	

22	 mean	 Krucznski	et	al.	(1978)		 2	 2	 2	 2	 2	 2	 2	 2	
	

2	 2	 2	
22	 mean	 Krucznski	et	al.	(1978)		 2	 2	 2	 2	 2	 2	 2	 2	

	
2	 2	 2	

5	 mean	 Reed	and	Cahoon	(1992)	
	

1	
	 	

2	
	 	

1	
	 	

1	
	1	 one	time	 Shafer	and	Streever	(2000)	

	
1	

	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	
	

1	
	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	

	
1	

	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	
	

1	
	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	

	
1	

	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	
	

1	
	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	

	
1	

	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	
	

1	
	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	

	
1	

	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	
	

1	
	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	

	
1	

	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	
	

1	
	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	

	
1	

	 	 	 	 	 	 	 	 	 	1	 one	time	 Shafer	and	Streever	(2000)	
	

1	
	 	 	 	 	 	 	 	 	 	1	 one	time	 Tong	et	al.	(2013)		

	 	 	
1	

	 	 	 	 	 	 	 	1	 one	time	 La	Peyre	et	al.	(2009)		
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 La	Peyre	et	al.	(2009)		

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 La	Peyre	et	al.	(2009)		
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 La	Peyre	et	al.	(2009)		

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 La	Peyre	et	al.	(2009)		
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Madrid	et	al.	(2012)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Armitage	et	al.	(2014)		
	 	 	 	 	 	 	

1	
	 	 	 	1	 one	time	 Armitage	et	al.	(2014)		

	 	 	 	 	 	 	
1	

	 	 	 	1	 one	time	 Turner	et	al.	(2004)		
	 	 	 	 	 	 	 	

1	
	 	 	1	 one	time	 Madrid	et	al.	(2012)	

	 	 	 	 	 	 	 	
1	
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Table A.3. Temporal distribution of mangrove soil carbon data. Numbers in the month columns 
represent the total number of samples taken within that month for that particular study.  
		 		 		 Month	
Sample	size	 Category	 Publication	 J	 F	 M	 A	 M	 J	 J	 A	 S	 O	 N	 D	

1	 one	time	 Callaway	et	al.	(1997)	
	 	 	 	 	 	 	 	 	 	 	 	1	 one	time	 Callaway	et	al.	(1997)	
	 	 	 	 	 	 	 	 	 	 	 	1	 one	time	 Chen	and	Twilley	(1999)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Chen	and	Twilley	(1999)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Chen	and	Twilley	(1999)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Chen	and	Twilley	(1999)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Henry	and	Twilley	(2013)	
	 	 	 	 	 	

1	
	 	 	 	 	1	 one	time	 Henry	and	Twilley	(2013)	

	 	 	 	 	 	
1	

	 	 	 	 	1	 one	time	 Koch	(1997)	
	 	 	 	 	 	 	 	 	 	 	

1	
1	 one	time	 Koch	(1997)	

	 	 	 	 	 	 	 	 	 	 	
1	

1	 one	time	 Koch	(1997)	
	 	 	 	 	 	 	 	 	 	 	

1	
1	 one	time	 Lynch	(1989)	

	 	 	 	
1	

	 	 	 	 	 	 	1	 one	time	 Lynch	(1989)	
	 	 	 	

1	
	 	 	 	 	 	 	1	 one	time	 Lynch	(1989)	

	 	 	 	
1	

	 	 	 	 	 	 	1	 one	time	 Lynch	(1989)	
	 	 	 	 	 	 	 	 	 	

1	
	1	 one	time	 McKee	and	Faulkner	(2000)	

	 	 	 	 	 	 	 	 	 	
1	

	1	 one	time	 McKee	and	Faulkner	(2000)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Osland	et	al.	(2012)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Sánchez	(2005)	
	 	 	

1	
	 	 	 	 	 	 	 	1	 one	time	 Sánchez	(2005)	

	 	 	
1	

	 	 	 	 	 	 	 	1	 one	time	 Sánchez	(2005)	
	 	 	

1	
	 	 	 	 	 	 	 	1	 one	time	 Sánchez	(2005)	

	 	 	
1	

	 	 	 	 	 	 	 	1	 one	time	 Sánchez	(2005)	
	 	 	

1	
	 	 	 	 	 	 	 	1	 one	time	 Sánchez	(2005)	

	 	 	
1	

	 	 	 	 	 	 	 	1	 one	time	 Sánchez	(2005)	
	 	 	

1	
	 	 	 	 	 	 	 	1	 one	time	 Sánchez	(2005)	

	 	 	
1	
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Table A.4. Temporal distribution of salt marsh soil carbon data. Numbers in the month columns 
represent the total number of samples taken within that month for that particular study.  
		 		 		 Month	
Sample	size	 Category	 Publication	 J	 F	 M	 A	 M	 J	 J	 A	 S	 O	 N	 D	

2	 mean	 Smith	and	Osterman	(2014)	
	 	 	 	

1	
	 	 	 	

1	
	 	

2	 mean	 Smith	and	Osterman	(2014)	
	 	 	 	

1	
	 	 	 	

1	
	 	2	 mean	 Smith	and	Osterman	(2014)	

	 	 	 	
1	

	 	 	 	
1	

	 	1	 one	time	 Callaway	et	al.	(1997)	
	 	 	 	 	 	 	 	 	 	 	 	1	 one	time	 Callaway	et	al.	(1997)	
	 	 	 	 	 	 	 	 	 	 	 	1	 one	time	 Callaway	et	al.	(1997)	
	 	 	 	 	 	 	 	 	 	 	 	1	 one	time	 Choi	et	al.	(2001)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Choi	et	al.	(2001)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Choi	et	al.	(2001)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Day	et	al.	(2011)	

	 	 	 	 	 	 	 	 	 	 	 	1	 one	time	 Day	et	al.	(2011)	
	 	 	 	 	 	 	 	 	 	 	 	1	 one	time	 DeLaune	et	al.	(1981)	
	 	 	 	 	 	 	 	 	

1	
	 	1	 one	time	 DeLaune	et	al.	(1981)	

	 	 	 	 	 	 	 	 	
1	

	 	1	 one	time	 DeLaune	et	al.	(1979)	
	 	 	 	 	 	 	 	 	

1	
	 	1	 one	time	 DeLaune	et	al.	(1979)	

	 	 	 	 	 	 	 	 	
1	

	 	1	 one	time	 DeLaune	et	al.	(1979)	
	 	 	 	 	 	 	 	 	

1	
	 	1	 one	time	 DeLaune	et	al.	(1979)	

	 	 	 	 	 	 	 	 	
1	

	 	1	 one	time	 DeLaune	et	al.	(1979)	
	 	 	 	 	 	 	 	 	

1	
	 	1	 one	time	 DeLaune	et	al.	(1979)	

	 	 	 	 	 	 	 	 	
1	

	 	1	 one	time	 DeLaune	et	al.	(1979)	
	 	 	 	 	 	 	 	 	

1	
	 	1	 one	time	 DeLaune	et	al.	(1979)	

	 	 	 	 	 	 	 	 	
1	

	 	1	 one	time	 DeLaune	et	al.	(1979)	
	 	 	 	 	 	 	 	 	

1	
	 	1	 one	time	 DeLaune	et	al.	(1979)	

	 	 	 	 	 	 	 	 	
1	

	 	1	 one	time	 DeLaune	et	al.	(1979)	
	 	 	 	 	 	 	 	 	

1	
	 	1	 one	time	 DeLaune	et	al.	(1979)	

	 	 	 	 	 	 	 	 	
1	

	 	1	 one	time	 Dodla	et	al.	(2012)	
	 	 	 	 	 	 	 	

1	
	 	 	1	 one	time	 Dodla	et	al.	(2012)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Edwards	and	Profitt	(2003)	
	 	

1	
	 	 	 	 	 	 	 	 	1	 one	time	 Edwards	and	Profitt	(2003)	

	 	
1	

	 	 	 	 	 	 	 	 	1	 one	time	 Edwards	and	Profitt	(2003)	
	 	

1	
	 	 	 	 	 	 	 	 	1	 one	time	 Henry	and	Twilley	(2013)	

	 	 	 	 	 	
1	

	 	 	 	 	1	 one	time	 Henry	and	Twilley	(2013)	
	 	 	 	 	 	

1	
	 	 	 	 	1	 one	time	 Llewellyn	and	La	Peyre	(2011)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Llewellyn	and	La	Peyre	(2011)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Llewellyn	and	La	Peyre	(2011)	

	 	 	 	 	
1	

	 	 	 	 	 	1	 one	time	 Llewellyn	and	La	Peyre	(2011)	
	 	 	 	 	

1	
	 	 	 	 	 	1	 one	time	 Llewellyn	and	La	Peyre	(2011)	

	 	 	 	 	 	 	 	 	
1	

	 	1	 one	time	 Llewellyn	and	La	Peyre	(2011)	 		 		 		 		 		 		 		 		 		 1	 		 		
1	 one	time	 Llewellyn	and	La	Peyre	(2011)	 		 		 		 		 		 		 		 		 		 1	 		 		
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Table A.5. Data used to calculate weighted values of salt marsh aboveground carbon storage.  
Publication	Author(s)		 Publication	Year	 Effect	size	(gC	m-2)	 Sample	size	
Llewellyn	and	La	Peyre	 2011	 203	 9	
Reed	and	Cahoon	 1992	 297	 89	
Hopkinson	et	al.		 1978	 426	 14	
Reed	and	Cahoon	 1992	 487	 15	
Turner	and	Gosselink	 1975	 583	 5	
Llewellyn	and	La	Peyre	 2011	 607	 9	
Krucznski	et	al.		 1978	 614	 24	
Edwards	and	Mills		 2005	 627	 60	
Llewellyn	and	La	Peyre	 2011	 631	 9	
DeLaune	et	al.		 1984	 1000	 4	
Hsich	 1996	 1035	 24	
Edwards	and	Mills		 2005	 1036	 60	
Krucznski	et	al.		 1978	 1067	 24	
Turner	and	Gosselink	 1975	 1143	 5	
White	et	al.	 1979	 1164	 51	
Darby	and	Turner		 2008	 1194	 39	
Turner	and	Gosselink	 1975	 1201	 5	
Krucznski	et	al.		 1978	 1213	 24	
Gabriel	and	DeLaCruz	 1974	 1223	 48	
Kirby	and	Gosselink	 1976	 1246	 130	
Turner	and	Gosselink	 1975	 1282	 5	
Kaswadji	et	al.	 1990	 1301	 130	
Hopkinson	et	al.		 1978	 1335	 14	
Hopkinson	et	al.	 1978	 1428	 14	
DeLaune	et	al.	 1984	 1470	 4	
White	et	al.	 1979	 1473	 3	
Hunter	et	al.	 2015	 1584	 28	
Hopkinson	et	al.		 1978	 1698	 14	
Hopkinson	et	al.	 1978	 1710	 14	
Turner	and	Gosselink	 1975	 1720	 5	
Kirby	and	Gosselink	 1976	 1799	 140	
Turner	and	Gosselink	 1975	 1846	 5	
Hunter	et	al.	 2015	 1849	 28	
White	et	al.	 1979	 1959	 3	
DeLaune	et	al.		 1979	 2000	 4	
White	et	al.	 1979	 2038	 39	
White	et	al.	 1979	 2194	 3	
White	et	al.	 1979	 2251	 45	
Hopkinson	et	al.		 1978	 2402	 14	
Hopkinson	et	al.	 1978	 2694	 9	
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Table A.6. Data used to calculate weighted values of salt marsh belowground carbon storage. 
Publication	Author(s)	 Publication	Year	 Effect	size	(gC	m-2	to	20cm)	 Sample	size	

Shafer	and	Streever		 2000	 689	 3	

Shafer	and	Streever		 2000	 1312	 3	
Shafer	and	Streever		 2000	 1467	 3	

La	Peyre	et	al.	 2009	 1567	 3	
La	Peyre	et	al.	 2009	 1631	 3	

Shafer	and	Streever		 2000	 2108	 3	

Shafer	and	Streever		 2000	 2160	 3	
Darby	and	Turner		 2008	 2318	 39	

La	Peyre	et	al.	 2009	 2328	 3	
Shafer	and	Streever		 2000	 2637	 3	

Tong	et	al.	 2013	 3069	 1	

La	Peyre	et	al.	 2009	 3243	 3	
Shafer	and	Streever		 2000	 3263	 3	

La	Peyre	et	al.	 2009	 3348	 3	
Turner	et	al.	 2004	 3459	 7	

Shafer	and	Streever		 2000	 3552	 3	
Shafer	and	Streever		 2000	 3882	 3	

Krucznski	et	al.	 1978	 4063	 6	

Hunter	et	al.	 2015	 4177	 28	
Krucznski	et	al.	 1978	 4573	 6	

Shafer	and	Streever		 2000	 4636	 3	
Reed	and	Cahoon	 1992	 4701	 85	

Madrid	et	al.	 2012	 4864	 15	

Madrid	et	al.	 2012	 5059	 7	
Krucznski	et	al.	 1978	 5140	 6	

Armitage	et	al.	 2014	 5600	 10	
Shafer	and	Streever		 2000	 5719	 3	

Armitage	et	al.	 2014	 5800	 10	
Shafer	and	Streever		 2000	 5828	 3	

Hunter	et	al.	 2015	 5842	 28	

Shafer	and	Streever		 2000	 6454	 3	
de	la	Cruz	and	Hackney	 1977	 6788	 228	

de	la	Cruz	and	Hackney	 1977	 6788	 228	
Shafer	and	Streever		 2000	 7042	 3	
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Table A.7. Data used to calculate weighted values of mangrove soil carbon. 
Publication	Author(s)		 Publication	Year	 Effect	size	(gC	m-2	to	20cm)	 Sample	size	
Sánchez		 2005	 2347	 5	
Sánchez	 2005	 2738	 5	
Osland	et	al.		 2012	 2757	 1	
Henry	and	Twilley	 2013	 3116	 3	
Henry	and	Twilley	 2013	 3168	 3	
Sánchez	 2005	 3270	 5	
Sánchez	 2005	 3402	 5	
Sánchez	 2005	 3726	 5	
Sánchez	 2005	 3863	 5	
Sánchez	 2005	 3934	 5	
Osland	et	al.	 2012	 3988	 1	
Lynch		 1989	 4190	 1	
Sánchez	 2005	 4223	 5	
Lynch		 1989	 4537	 1	
Lynch		 1989	 4706	 1	
Lynch		 1989	 5260	 1	
Osland	et	al.	 2012	 5903	 3	
Osland	et	al.	 2012	 5967	 3	
Osland	et	al.	 2012	 6146	 3	
Koch		 1997	 6297	 2	
Osland	et	al.	 2012	 6368	 3	
Osland	et	al.	 2012	 6642	 3	
Osland	et	al.	 2012	 7177	 3	
Osland	et	al.	 2012	 7285	 3	
McKee	and	Faulkner	 2000	 7866	 9	
Callaway	et	al.	 1997	 7992	 3	
Osland	et	al.	 2012	 8072	 3	
Koch		 1997	 8076	 2	
Callaway	et	al.	 1997	 8276	 3	
Chen	and	Twilley	(a)	 1999	 8296	 1	
Chen	and	Twilley	(a)	 1999	 8335	 1	
McKee	and	Faulkner	 2000	 8568	 9	
Chen	and	Twilley	(a)	 1999	 8908	 1	
Osland	et	al.	 2012	 10138	 3	
Koch		 1997	 10392	 2	
Koch		 1997	 10943	 2	
Chen	and	Twilley	(a)	 1999	 11691	 1	
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Table A.8. Data used to calculate weighted values of salt marsh soil carbon. 
Publication	Author(s)		 Publication	Year	 Effect	size	(gC	m-2	to	20cm)	 Sample	size	
Henry	and	Twilley	 2013	 2037	 2	
Edwards	and	Proffitt	 2003	 2506	 10	
Henry	and	Twilley	 2013	 3038	 3	
Smith	and	Osterman	 2014	 3048	 4	
Day	et	al.		 2011	 4182	 4	
Llewellyn	and	La	Peyre	 2011	 4263	 9	
DeLaune	et	al.	(b)	 1979	 4500	 1	
DeLaune	et	al.	(b)	 1979	 4520	 1	
Choi	et	al.	 2001	 4837	 13	
DeLaune	et	al.	 1981	 4847	 2	
DeLaune	et	al.	(b)	 1979	 4880	 1	
Llewellyn	and	La	Peyre	 2011	 4893	 9	
DeLaune	et	al.	 1981	 4896	 2	
DeLaune	et	al.	(b)	 1979	 5080	 1	
Dodla	et	al.	 2012	 5088	 1	
DeLaune	et	al.	(b)	 1979	 5120	 1	
DeLaune	et	al.	(b)	 1979	 5260	 1	
Day	et	al.	 2011	 5440	 5	
DeLaune	et	al.	(b)	 1979	 5560	 1	
DeLaune	et	al.	(b)	 1979	 5680	 1	
DeLaune	et	al.	(b)	 1979	 5700	 1	
Smith	and	Osterman	 2014	 5730	 4	
DeLaune	et	al.	(b)	 1979	 5860	 1	
DeLaune	et	al.	(b)	 1979	 6100	 1	
Callaway	et	al.	 1997	 6124	 6	
Llewellyn	and	La	Peyre	 2011	 6213	 9	
DeLaune	et	al.	(b)	 1979	 6220	 1	
Llewellyn	and	La	Peyre	 2011	 6312	 9	
Edwards	&	Proffitt	 2003	 6704	 10	
Edwards	&	Proffitt	 2003	 7020	 10	
Dodla	et	al.	 2012	 7150	 1	
Choi	et	al.	 2001	 7290	 13	
Callaway	et	al.	 1997	 7371	 6	
Llewellyn	and	La	Peyre	 2011	 7410	 9	
Llewellyn	and	La	Peyre	 2011	 7768	 9	
Choi	et	al.	 2001	 8427	 13	
Callaway	et	al.	 1997	 9072	 6	
Llewellyn	and	La	Peyre	 2011	 9189	 3	
Smith	and	Osterman	 2014	 11699	 4	
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Table B.1. Texas salt marsh carbon storage values.  
Publication	 Carbon	storage	compartment	 gC	m-2	 Latitude	 Longitude	
Webb	et	al.	(1985)	 AGB	 182	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 186	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 190	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 213	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 216	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 219	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 221	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 227	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 231	 29.32930	 -94.80305	
Turner	and	Gosselink	(1975)	 AGB	 233	 27.90660	 -97.32082	
Webb	et	al.	(1985)	 AGB	 250	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 255	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 280	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 292	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 298	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 302	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 309	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 316	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 339	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 348	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 355	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 407	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 431	 29.32930	 -94.80305	
Webb	et	al.	(1985)	 AGB	 452	 29.32930	 -94.80305	
Turner	and	Gosselink	(1975)	 AGB	 457	 28.27639	 -96.84378	
Webb	et	al.	(1985)	 AGB	 464	 29.32930	 -94.80305	
Turner	and	Gosselink	(1975)	 AGB	 688	 28.08306	 -97.21365	
Turner	and	Gosselink	(1975)	 AGB	 738	 29.70593	 -94.03599	
Armitage	et	al.	(2014)	 AGB	 840	 29.99804	 -93.85176	
Armitage	et	al.	(2014)	 AGB	 920	 29.99804	 -93.85176	
Shafer	and	Streever	(2000)	 BGB	 276	 29.47083	 -94.96750	
Shafer	and	Streever	(2000)	 BGB	 525	 28.22222	 -96.81583	
Shafer	and	Streever	(2000)	 BGB	 587	 27.68972	 -97.18833	
Shafer	and	Streever	(2000)	 BGB	 843	 29.48194	 -94.96472	
Shafer	and	Streever	(2000)	 BGB	 864	 27.84583	 -97.22806	
Shafer	and	Streever	(2000)	 BGB	 1055	 29.71944	 -95.00278	
Shafer	and	Streever	(2000)	 BGB	 1305	 28.19167	 -96.87000	
Shafer	and	Streever	(2000)	 BGB	 1421	 29.45417	 -94.98333	
Shafer	and	Streever	(2000)	 BGB	 1553	 28.76694	 -95.68194	
Shafer	and	Streever	(2000)	 BGB	 1854	 28.23944	 -96.80611	
Madrid	et	al.	(2012)	 BGB	 1946	 29.99950	 -93.85403	
Madrid	et	al.	(2012)	 BGB	 2024	 29.99950	 -93.85403	
Armitage	et	al.	(2014)	 BGB	 2240	 29.99804	 -93.85176	
Shafer	and	Streever	(2000)	 BGB	 2288	 29.48194	 -94.67583	
Armitage	et	al.	(2014)	 BGB	 2320	 29.99804	 -93.85176	
Shafer	and	Streever	(2000)	 BGB	 2331	 29.18722	 -95.11333	
Shafer	and	Streever	(2000)	 BGB	 2582	 29.47472	 -94.69056	
Shafer	and	Streever	(2000)	 BGB	 2817	 29.34972	 -94.90528	



 

 191 

Callaway	et	al.	(1997)	 SC	 7371	 28.83172	 -95.53827	
Callaway	et	al.	(1997)	 SC	 9072	 28.24461	 -96.78802	
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Table B.2. Mangrove data, Harbor Island, Mission-Aransas NERR, 2015.  
Site	 Mangrove	

Coverage	
Aboveground	
Biomass	

Aboveground	
Carbon	

(transect_plot_subplot)	 (%)	 (g	m-2)	 (gC	m-2)	
1_1_1	 26	 246	 98	
1_1_2	 30	 484	 194	
1_1_3	 30	 251	 100	
1_2_1	 85	 1465	 586	
1_2_2	 28	 488	 195	
1_2_3	 13	 198	 79	
1_3_1	 10	 69	 28	
1_3_2	 20	 511	 205	
1_3_3	 88	 1549	 620	
1_4_1	 50	 855	 342	
1_4_2	 27	 237	 95	
1_4_3	 30	 456	 182	
2_1_1	 90	 3917	 1567	
2_1_2	 60	 838	 335	
2_1_3	 70	 1240	 496	
2_2_1	 30	 590	 236	
2_2_2	 68	 963	 385	
2_2_3	 30	 668	 267	
2_3_1	 40	 586	 235	
2_3_2	 30	 795	 318	
2_3_3	 70	 1669	 668	
2_4_1	 5	 122	 49	
2_4_2	 80	 1084	 433	
2_4_3	 40	 428	 171	
3_1_1	 24	 330	 132	
3_1_2	 35	 306	 122	
3_1_3	 20	 327	 131	
3_2_2	 59	 796	 319	
3_2_3	 79	 1014	 405	
3_3_1	 20	 267	 107	
3_3_2	 70	 890	 356	
3_4_2	 80	 1488	 595	
3_4_3	 80	 459	 184	
4_1_1	 50	 252	 101	
4_1_2	 45	 296	 118	
4_1_3	 50	 409	 164	
4_2_1	 49	 886	 354	
4_2_2	 90	 2688	 1075	
4_2_3	 70	 435	 174	
4_3_1	 50	 518	 207	
4_3_2	 20	 158	 63	
4_3_3	 85	 1285	 514	
4_4_1	 90	 1151	 460	
4_4_2	 90	 1376	 550	
4_4_3	 90	 1430	 572	
5_1_1	 50	 1184	 474	
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5_1_2	 50	 641	 256	
5_1_3	 30	 367	 147	
5_2_1	 30	 834	 334	
5_2_2	 70	 807	 323	
5_2_3	 45	 252	 101	
5_3_1	 90	 2781	 1112	
5_3_2	 20	 297	 119	
5_3_3	 50	 728	 291	
5_4_1	 90	 2004	 802	
5_4_2	 100	 1390	 556	
5_4_3	 30	 185	 74	
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Table B.3. Root-to-shoot ratios of temperate and subtropical mangroves (organized by latitude). 
Root/shoot	
ratio	 Location	 Latitude	 Species	 Publication	
2.2	 New	Zealand	 -37.2022	 Avicennia	marina	 Bulmer	et	al.	(2016)	
2.3	 New	Zealand	 -37.0130	 Avicennia	marina	 Bulmer	et	al.	(2016)	
0.7	 New	Zealand	 -36.9369	 Avicennia	marina	 Bulmer	et	al.	(2016)	
6.6	 New	Zealand	 -36.8105	 Avicennia	marina	 Bulmer	et	al.	(2016)	
2	 New	Zealand	 -36.3143	 Avicennia	marina	 Bulmer	et	al.	(2016)	
4.74	 Australia	 -33.9930	 Avicennia	marina	 Lichacz	et	al.	(1984)		
1.02	 Australia	 -33.8688	 Avicennia	marina	 Briggs	(1977)	
1.41	 Australia	 -33.8688	 Avicennia	marina	 Briggs	(1977)	
0.5-0.77	 Australia	 -33.5	 Avicennia	marina	 Saintilan	(1997)	
1.9	 Australia		 -33.5	 Aegiceras	corniculatum	 Saintilan	(1997)	
4.1	 Australia		 -33.5	 Avicennia	marina	 Saintilan	(1997)	
0.71	 Australia	 -32.8635	 Avicennia	marina	 Lichacz	et	al.	(1984)		
0.36	 Australia	 -27.4698	 Avicennia	marina	 Mackay	(1993)		
0.67	 Australia	 -27.4698	 Avicennia	marina	 Mackay	(1993)		

<0.5	 Australia		 -26.2730	
Avicennia	marina;	E.	agallocha;	
A.	corniculatum	 Saintilan	(1997b)	

0.9-1.5	 Australia		 -26.2730	 Avicennia	marina;	R.	stylosa	 Saintilan	(1997b)	
3.5	 Australia		 -26.2730	 Avicennia	marina;	C.	tagal	 Saintilan	(1997b)	
1.15	 Australia	 27.4698	 Avicennia	marina	 Mackay	(1993)		
1.46	 Australia	 -	 multiple	mangrove	species	 Snowdon	et	al.	(2000)	

1.64	 Australia	 -	 -	
Clough	and	Attiwill	(1975)		
as	per	Saintilan	(1997)	

0.41	 Australia	
-12.4333	to	
-12.49166	 Ceriops	australis	

Comley	and	McGuinness	
(2005)	

0.47	 Australia	
-12.4333	to	
-12.49166	 Rhizophora	stylosa	

Comley	and	McGuinness	
(2005)	

0.92	 Australia	
-12.4333	to	
-12.49166	 Avicennia	marina	

Comley	and	McGuinness	
(2005)	

1.33	 Australia	
-12.4333	to	
-12.49166	 Bruguiera	exaristata	

Comley	and	McGuinness	
(2005)	
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Figure B.1. Percent coverage by species type at subplots on Harbor Island in the Mission-
Aransas NERR during 2015 sampling.  
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Figure B.2. Range of percent coverage by species type at subplots on Harbor Island in the 
Mission-Aransas NERR during 2015 sampling.  
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