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A B S T R A C T   

The status and potential degradation of an ecosystem is often difficult to identify, quantify, and characterize. 
Multiple, concurrent drivers of degradation may interact and have cumulative and confounding effects, making 
mitigation and rehabilitation actions challenging to achieve. Ecosystem status assessments generally emphasize 
areal change (gains/losses) as a primary indicator; however, this over-simplifies complex ecosystem dynamics 
and ignores metrics that would better assess ecosystem quality. Consideration of multiple indicators is necessary 
to characterize and/or anticipate ecosystem degradation and appropriately identify factors causing changes. We 
utilize mangrove forests as a model system due to their distribution across a wide range of geographic settings, 
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their position in the inherently dynamic coastal zone, and the multiple natural and anthropogenic pressures they 
face. We present a conceptual framework to: i) examine drivers of ecosystem degradation and characterize 
system status, and ii) delineate the roles of biogeographic and geomorphic variability, site history and typology, 
and references. A complementary workflow is proposed for implementing the conceptual framework. We 
demonstrate the universal applicability of our conceptual framework through a series of case studies that 
represent locations with differing drivers of degradation and biogeographic and geomorphic conditions. Our 
conceptual framework facilitates scientists, conservation practitioners, and other stakeholders in considering 
multiple aspects of ecosystems to better assess system status and holistically evaluate degradation. This is ach
ieved by critically evaluating suitable comparisons and relevant elements in assessing a site to understand po
tential actions or the outcome of previously implemented management strategies.   

1. Introduction 

Many of the world's ecosystems are experiencing rapid declines in 
extent and habitat quality, and the direct and indirect drivers of this 
change have accelerated over the last 50 years (IPBES, 2019). Climate 
change has increased in importance as a driver of habitat loss and 
degradation, with negative impacts on biodiversity and ecosystem ser
vice provision seen across terrestrial (e.g., Nolan et al., 2018), coastal, 
and marine systems (e.g., Smale et al., 2019). Different drivers of habitat 
loss and degradation have combined to cause an ongoing biodiversity 
crisis (WWF, 2020). 

Ecosystem degradation can be difficult to identify and quantify 
(Thompson et al., 2013) as changes may be subtle and vary across spatial 
and temporal scales (Turschwell et al., 2020). Impacts of degradation 
can also vary across structural and functional attributes and are often 
site-specific in nature. Isolating anthropogenic contributions to degra
dation from natural variation further complicates efforts to address 
degradation as human impacts are pervasive and have affected almost 
every ecological system (Kennedy et al., 2019). Despite these challenges, 
conceptualizing degradation and identifying its various contributors is 
essential to elucidate key drivers, mitigate further impacts, and improve 
ecosystem condition (Ghazoul et al., 2015). 

Definitions of degradation often lack consistency, whether in the 
general ecological literature (Hobbs, 2016) or in ecosystem-specific 
studies. Degradation definitions commonly cover broad themes of 
ecosystem structure, function, service, and/or resilience. Definitions 
aligning with ecosystem structure and function tend to relate to local 
reductions in biodiversity or ecosystem integrity (Bosire et al., 2008; 
Ghazoul et al., 2015). Ecosystem service-based definitions focus on the 
reduction in ecosystem benefits to humans (Anderies and Hegmon, 
2011; Schwerdtner Máñez et al., 2014; Ghazoul et al., 2015; Scales et al., 
2018) or alterations in service provision (Burkhard and Maes, 2017). 
Finally, resilience-linked definitions use changes in status of key theo
retical resilience concepts such as redundancy, sensitivity, and/or 
vulnerability (Hamilton and Snedaker, 1984; Peterson et al., 1998; 
Adger, 2005; Gilman et al., 2008; Cannicci et al., 2021), leading to a 
definition of degradation that highlights alterations in key linkages and 
ecosystem integrity over time (Clewell and Aronson, 2013). Most defi
nitions focus on only one aspect of degradation, with an example of an 
exception being Moberg and Rönnbäck (2003) who explicitly linked 
degradation to a reduction in ecosystem structure, function, and resil
ience. Importantly, definitions of degradation frequently do not refer to 
a baseline or reference condition and therefore make degradation 
difficult to assess. For the purpose of this manuscript, we define degra
dation as the loss of diversity, structure, function, and/or resilience, 
beyond the limits of natural variation within a given system due to 
anthropogenic drivers or the influence of anthropogenic activities on 
natural drivers. 

Using mangrove forests as a model (eco)system to better understand 
and conceptualize ecological degradation, we present a conceptual 
framework to: i) examine drivers of ecosystem degradation and system 
status, and ii) characterize the roles of biogeographic and geomorphic 
variability, site history and typology, and references. We also provide a 
complementary workflow for implementing the conceptual framework. 

Additionally, we demonstrate the adaptability of the conceptual 
framework by applying it to a set of case studies from diverse bio
geomorphic and climatic settings where mangrove forests are experi
encing different types and levels of impacts. Our framework provides a 
comprehensive examination of indicators that can be used to identify 
and quantify key degradation drivers and specific stressors in a variety of 
contexts based on location, resources, and available data. Finally, we 
place this conceptual framework into context in terms of how it may 
inform management considerations and address site specific concerns 
and nuances that exist with system monitoring, restoration, or conser
vation efforts. While we use the mangrove ecosystem to illustrate our 
concept, we anticipate that our framework can be readily adopted and 
modified for application in other ecosystems. 

2. Mangrove forests as a model ecosystem to understand 
degradation 

Mangroves are a model system to examine the applicability of a 
broad conceptual framework of degradation because of the inherently 
dynamic and diverse biophysical conditions where they exist. Man
groves are found across a range of climatic gradients from the tropics to 
sub-tropical and temperate regions (Osland et al., 2017) and across 
multiple geomorphic settings that experience different sediment loads 
and hydrodynamic forcings, from deltas and estuaries to carbonate atoll 
settings (Worthington et al., 2020). Mangroves also show substantial 
differences in species diversity across local environmental gradients and 
biogeographic regions (Duke et al., 1998; Lee, 2008). Finally, man
groves experience a range of natural processes and anthropogenic 
pressures that operate at different spatial and temporal scales. 

Mangroves are threatened worldwide by deforestation, land use 
changes, climate change, and multiple other stressors. Although con
servation efforts have helped to slow deforestation rates (Friess et al., 
2020), mangroves continue to be lost globally at 0.13% per year 
(Goldberg et al., 2020). A focus on habitat quantity and efforts to reduce 
deforestation are welcome, but neglect the quality of remaining or 
rehabilitated patches (Lee et al., 2019). Areal loss is relatively 
straightforward to map and quantify, but stressors such as over- 
utilization (Scales et al., 2018) and pollution (Deng et al., 2021; Luo 
et al., 2021) can lead to cryptic degradation (Dahdouh-Guebas et al., 
2005) or habitat fragmentation of mangrove forests (Bryan-Brown et al., 
2020), without necessarily causing loss of extent. The effects of degra
dation are numerous, and in mangrove ecosystems may include changes 
in vegetation density, community composition, genetic diversity, the 
abundance and diversity of key faunal species, shifts in ecosystem 
functions, and losses of key ecosystem services (Cannicci et al., 2009; 
Bartolini et al., 2011; Penha-Lopes et al., 2011). Degradation also re
duces mangrove ecosystem resilience, making them more vulnerable to 
disturbances (Lovelock et al., 2009). The need to provide comparable, 
reference-based measurements of multiple metrics is imperative for 
conservation, restoration, and management actions. 

3. Conceptualizing ecological degradation 

The proposed Degradation Indicator Framework (Fig. 1) identifies 
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drivers of degradation using sets of indicators that represent potential 
stressors, while also defining system status with a focus on ecosystem 
structure, function, and services (sensu Costanza et al., 2017) (see all 
components defined in Drivers and System Status subsections below). By 
considering both drivers and system status, this framework provides an 
objective overview of degradation and overall system status. We 
conceptualize each system through a compilation of indicators of rele
vant drivers of degradation and overall ecosystem status along a con
dition gradient based on reference locations/conditions (hereafter 
reference). References are spatial, temporal, or idealized to identify 
changes in degradation and system status of a given study location (see 
more in 3.3 Reference selection and data confidence subsection below). 
The Degradation Indicator Framework allows for the assessment of 
degradation using multiple drivers in an adaptable structure. Its purpose 
is to: i) provide a tool to visualize the drivers of degradation and the 
relative state of associated indicators, ii) highlight current structure, 
function, and services of the ecosystem in relation to average reference 
values, iii) emphasize the importance of site-specific drivers and in
dicators, and iv) deliver an adaptable tool to meet the needs of users 
based on their site-specific objectives and limitations (e.g., access to 
data, budget restrictions, etc.) for conservation and management ac
tions. The combination of drivers of degradation and overall system 
status affords the ability to comprehensively assess a given system. This 
is done by considering crucial relevant factors in each system, or in a set 
of systems, moving beyond areal losses and starting to assess quality 
when evaluating degradation, restoration, or general ecosystem 
monitoring. 

3.1. Drivers 

Drivers of degradation can broadly be broken down into two key 
categories: anthropogenic or natural. In our framework, anthropogenic 
drivers are further categorized into stressor types: resource extraction, 
pollution, reclamation/land use, hydrologic modification, global 
climate change, and miscellaneous (modified from Bakhtiyari et al., 
2019; Ellison and Farnsworth, 1996), while natural drivers of degra
dation may be further categorized into stressor types: extreme weather 
and extreme hydrological/geological events (e.g., hurricanes, earth
quakes). Within each of these stressor types exists specific stressors 
that can cause a change in a given parameter or process that may 
potentially impact the health and/or productivity of the ecosystem. 
Finally, indicators are thereby measurable metrics that are directly 
responsive to each specific stressor (see Bakhtiyari et al., 2019 for ex
amples) (e.g., Driver = Anthropogenic ➔ Stressor Type = Resource 
Extraction ➔ Specific Stressor = Logging ➔ Indicator = Number of Trees 
Extracted). 

To ensure a comprehensive understanding of degradation, assess
ments of ecosystems should ideally incorporate indicators within each of 
the categories and stressor types, but representation (i.e., number of 
indicators within each category) may be adjusted depending on avail
able resources and relative importance. It is also possible that some 
categories or stressor types may not be included due to lack of infor
mation or an inability to quantify, but a consideration of each is needed 
to provide an understanding of a given system's degradation status while 
also identifying knowledge gaps. 

With discrete, short duration stressors, such as high winds and storm 

Fig. 1. The Degradation Indicator Framework quantifies drivers of degradation and system status to provide a holistic understanding of a given ecosystem (this 
example uses hypothetical data to illustrate multiple possibilities). Driver categories (anthropogenic [A] and natural [N]) are further broken down into potential 
stressor types (e.g., resource extraction, pollution, extreme weather, etc.) and specific stressors with measurable and comparable indicators (segment A1-Ak & N1- 
Nk). System status is broken down into status category (structure [S], function [F], ecosystem service [E]) and feature type (abiotic, biotic; biological, chemical, 
physical; provisioning, regulating, cultural) and specific features with measurable and comparable indicators (segment S1-Sk, F1-Fk, E1-Ek). Note that supporting 
services fall under functions. All specific stressors (Ax, Nx) and indicators (Sx, Fx, Ex) are user derived and will differ depending on the system and available re
sources. The confidence of the data at the reference (circle) and study (triangle) sites are reflected in the shapes within each segment (white = low, gray = medium, 
black = high). Size and color of radiating bars from center of diagram represent degradation state of system compared to reference condition (green = low, yellow =
medium, red = high). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

E.S. Yando et al.                                                                                                                                                                                                                                



Biological Conservation 263 (2021) 109355

4

surge that accompany hurricanes/cyclones, recovery from impact is 
often observed (Ellison and Farnsworth, 1996), unless impacts are se
vere, delaying recovery or pushing systems into a new stable state 
(Holling, 1973). Chronic drivers of degradation, such as urbanization, 
may impact hydrological and geomorphological processes resulting in 
alteration of system integrity (e.g., changing sedimentation regimes, 
water quality, storm water discharge, and surface and groundwater flow 
rates) (Lee et al., 2006) and may never return to their original state. 
Synergisms between drivers, and their associated stressors, operating at 
different spatial and temporal scales can result in ecosystem state 
changes outside the natural range of variation (Côté et al., 2016; Dah
douh-Guebas et al., 2021; Figs. 2 & 3). 

Negative impacts on ecosystems are often the result of a combination 
of stressors and their additive, synergistic, or antagonistic interactions 
(Côté et al., 2016). Distinguishing the origin of specific stressors as 
entirely natural or anthropogenic is difficult given global climate change 
and other anthropogenic influences (e.g., hurricanes/cyclones, although 
natural, have increased in frequency and intensity with anthropogenic 
climate change) (Hegerl and Zwiers, 2011; Bindoff et al., 2013), 
although efforts to distinguish natural versus anthropogenic influences 
continue to improve (Eyring et al., in press). Consequently, natural 
events can serve as tipping points in mangroves already stressed by other 
drivers of degradation (Lewis et al., 2016). The impacts of one driver 
may exacerbate the impacts of other drivers (positive feedbacks) or lead 
to a cascade of effects (see 4.2 Temporal/ spatial scale and natural vari
ation) (Fig. 3). Similarly, extremes in the variation of natural controls, 
such as geologic events (earthquakes, tsunamis, isostatic adjustments) or 
extreme weather events (cyclones, freezes, heatwaves, droughts, floods, 
lightning strikes) can lead to degradation, particularly in combination 
with anthropogenic disturbances (Jennerjahn et al., 2017). 

3.2. System status 

System status captures the overall state of a particular study site at a 
given point in time relative to a reference. System status is further 
broken down into status categories: structure, function, and ecosystem 
service. The feature types within each status category are as follows: 

abiotic and biotic for structure; biological, chemical, and physical for 
function (de Groot et al., 2002); and provisioning, regulating, and cul
tural for ecosystem services (Costanza et al., 2017). Structure is all 
abiotic and biotic elements and components of an ecosystem. Functions 
are important for maintaining the ecosystem, its biodiversity, and 
contributing to the goods and services provided by the ecosystem (de 
Groot et al., 2002). Ecosystem services refer to the benefits that specific 
ecosystem functions provide to human populations (Costanza et al., 
2017). 

Within each of these feature types, specific features should be 
selected that are site appropriate. Abiotic specific features might include 
soil type, hydrology, and water quality, whereas biotic specific features 
may include genetic diversity, species richness, forest structure, and soil 
biota. Growth and reproduction rates, nutrient cycling, and sedimen
tation rates are respectively examples of biological, chemical, and 
physical specific features. Specific features for ecosystem services could 
include climate regulation (regulating), food provision (provisioning), 
and tourism (cultural). Finally, similar to indicators of degradation, 
indicators of system status should be measurable metrics that are 
directly responsive to each specific feature (e.g. Status Category =
Structure ➔ Feature Type = Biotic ➔ Specific Feature = Forest Structure 
➔ Indicator = Basal Area). Inclusion of indicators across all feature types 
should be considered to ensure a comprehensive understanding of sys
tem status, but representation may differ depending on available re
sources and relative importance. 

3.3. Reference selection and data confidence 

To assess whether degradation is outside the expected range of nat
ural variability, indicators selected for each portion of the Degradation 
Indicator Framework (e.g., drivers and system status) should be 
compared to values of a reference where the same indicator can be 
quantified. Here we define a reference as undisturbed locations or time 
periods to which direct evaluation of natural ecosystem structure, 
composition, function, and services may be compared (after Kaufmann 
et al., 1994). References serve as points that are within the range of 
natural variation and should be appropriate for the area being assessed 

Fig. 2. Mangrove degradation driver categories and the spatial (1 km to >1000 km) and temporal (< Day to Millennium) scales in which they operate. Adapted from 
Rogers and Krauss (2019). 
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(Davy-Bowker and Clarke, 2015). Selection of an appropriate reference 
is crucial for defining and measuring ecosystem degradation (reviewed 
by Kaufmann et al., 1998; Stoddard et al., 2006). In mangrove ecosys
tems this involves accounting for biogeography (Spalding et al., 2007), 
geomorphology (Thom, 1984; Woodroffe, 1992), and forest types (Lugo 
and Snedaker, 1974) (see 4.1 Biogeographic and geomorphic setting and 
forest typology below). References should also be temporally and 
spatially appropriate (see 4.2 Temporal / spatial scale and natural varia
tion) with data collected prior to and during the assessment period to 
account for natural variation, if possible. The combination of both 
spatial and temporal reference types allows for a higher level of cer
tainty and for the cross validation of possible changes to the reference 
site. This may not always be possible, and references may need to be 
either spatial or temporal depending on the source of degradation and 
data limitations. For example, if a specific stressor occurs at a large scale 
(e.g., regionally or globally) it may not allow for an appropriate spatial 
reference, thus a temporal reference may be best suited. Alternatively, if 
specific stressors are localized (e.g., point source) and/or access to 
temporal data is limited, then a spatial reference may be a better option. 
In circumstances where neither spatial nor temporal references are 
achievable, we suggest idealized references – indicator values derived 
from the literature of other mangrove systems strategically selected 
based on geomorphic, biogeographic, temporal, and spatial features. 
Additional or alternative considerations may be needed when applying 
the Degradation Indicator Framework to other ecosystems. Regardless, 
it is critical that a reference is selected to allow for comparisons and 
appropriate assessment. 

Selected indicator values should be determined in both the study site 
and the reference(s). Indicators may be measured at the locations in 
question via on the ground sampling or remote sensing, extrapolated, or 
ascertained using expert opinion or local knowledge. Confidence in in
dicators must be critically evaluated by users depending on the site and 
the metric. For example, direct measures within the site would likely be 
considered high confidence, whereas determining an indicator value 
through conjecture would likely be considered low confidence. The 
Degradation Indicator Framework displays levels of confidence of each 
indicator for both the reference site(s) and the study site with high 
confidence (black), medium confidence (gray), and low confidence 

(white). This visual representation highlights both areas for improve
ment and provides a direct, comparison of confidence for the reference 
and study site. 

4. Considerations for the assessment of degradation 

To comprehensively assess degradation, system status, and select 
appropriate indicators, one must consider the geomorphology, bioge
ography, and typology of a system, while also fully appreciating both 
temporal and spatial scales and natural variation. While the mangrove 
ecosystem is used as an example to illustrate this point, we recognize 
that additional physical and socio-ecological features may also be rele
vant to other systems, and the framework presented here should be 
adapted to their use (see 6 Management implications of the degradation 
framework). 

4.1. Biogeographic and geomorphic settings and forest typology 

Biogeography and geomorphology provide context to assessing and 
understanding any system. For example, globally mangroves are 
distributed along low-energy coastlines in the tropics, sub-tropics, and 
some temperate regions, with >90% of extant mangroves found along 
humid-tropical coasts (Osland et al., 2017). Their latitudinal limits vary 
according to climate, coastal setting, suitable habitats, and ability to 
disperse. Climate influenced limits are related to both air and local sea 
water temperature (Duke et al., 1998; Quisthoudt et al., 2012), occur
rence, severity, and duration of freezes (Duke et al., 1998; Osland et al., 
2013; Cavanaugh et al., 2014), and/or precipitation (Osland et al., 2017; 
Adame et al., 2020). Propagule dispersal and suitable habitat are pre
requisites for mangrove establishment success, and also limits lat
itudinal extent (Duke et al., 1998; Raw et al., 2019). Tree species 
diversity not only decreases at higher latitudes, but also shows longi
tudinal differences with the center of diversity in Southeast Asia and a 
sharp decline in the Atlantic and Eastern Pacific region (Duke et al., 
1998). Significant taxonomical, functional, and structural differences 
exist between the Indo-Western Pacific and Atlantic-East Pacific and 
they must be considered in any comparisons, conservation, or man
agement activities (Ellison, 2000; Lee et al., 2014). 

Fig. 3. Conceptualization of the impact of short- and long-term variability on baseline conditions with a) natural drivers of degradation (e.g., extreme weather) and 
b) combined impact of natural and anthropogenic drivers of degradation. When all impacts (natural variability + natural degradation + anthropogenic degradation) 
are combined the system shifts from being able to recover from rare disturbances (Green-Bottom Level to Yellow-Mid Level) (Shown in Panel A) to a regularly 
impacted state (greater frequency in Yellow-Mid Level) (Shown in Panel B). Without a reduction of the impacts of some of the drivers of degradation the system will 
be pushed into a state where it is unable to recover (Red-Top Level) without managed rehabilitation of the system and/or key drivers (Shown in Panel B). Modified 
from Harris et al. (2018). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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The geomorphological setting is also important in understanding 
vulnerability and ecosystem specific features. In coastal ecosystems such 
as mangrove forests, hydrodynamic and geomorphic processes will 
affect their establishment and long-term stability of the ecosystem. In 
mangrove ecosystems, the geomorphic setting is also a key boundary 
condition that controls multiple aspects of mangrove forest structure, 
species diversity, ecological function, and ecosystem service provision 
(Ewel et al., 1998; Rovai et al., 2018). 

Several typologies exist to describe the setting of mangrove forests. 
Lugo and Snedaker (1974), with modifications by Ewel et al. (1998), 
provide the baseline for ecological typologies by categorizing man
groves as fringe (less diverse, pioneer species, stress tolerant), riverine 
(highly diverse, functionally/structurally complex), and basin forests 
(less diverse, limited growth, hypersaline/hypoxic environments). 
Thom (1984), and later Woodroffe (1992), provide a more geo
morphologically focused typology for mangroves: river delta, tidal es
tuary, lagoon, and carbonate reef. Twilley et al. (1999) synthesize these 
ecological and geomorphological typologies in a multi-spatial frame
work with a hierarchical status that provides context to any mangrove 
system. Recently, Worthington et al. (2020) developed a global cate
gorization of the world's mangrove forests as deltas, estuaries, lagoons, 
or open coast sites of either terrigenous or carbonate origin. Finally, 
tidal ranges and inundation levels are also critical in assessing mangrove 
dominated shorelines as differences can result in considerably different 
rates of colonization and regeneration, types of microhabitats, and a 
range of abiotic influences (Tomlinson, 2016). All these factors need to 
be considered to adequately select appropriate reference locations and 
categorize both drivers of degradation and overall system status when 
considering ecosystem conservation, restoration, or management 
actions. 

4.2. Temporal/spatial scale and natural variation 

Establishment and survival of an ecosystem is dependent upon fac
tors that vary spatially and temporally, especially in mangroves (Twilley 
et al., 1999; Rogers and Krauss, 2019). Variation in factors influencing 
survival and overall distribution can lead to considerable degradation, 
particularly when anthropogenic stressors are compounded by natural 
cyclic perturbations and processes operating over larger temporal and 
spatial scales. 

Numerous studies have described the hierarchy of factors influencing 
mangrove establishment and persistence. Processes need to be distin
guished at relevant scales: global, regional, estuarine, or intertidal (Duke 
et al., 1998). Spatial and temporal considerations provide context to 
variation in forest structure and function, while geomorphic setting, 
forest type, and specific processes will change within individual forests 
along a range of temporal scales (e.g., 1 hour to 1000s of years) (Twilley 
et al., 1999). The proposal of four observational levels (Schaeffer-Nov
elli et al., 2000) provides perspective for disturbance at the site func
tional level (<0.1 ha), the patch level (0.1–100 ha), the mangrove 
setting (10–100 km), and the domain or segment level (500–1000 km). 
Rogers and Krauss (2019) conceptualized how both spatial and temporal 
variation in multiple processes operate and impact mangrove forests 
(Fig. 2). This explicitly recognizes that processes influencing ecosystems 
interact, causing both negative and positive feedbacks and leading to a 
myriad of end results. Understanding the compounding effect of these 
processes and whether they are conducive to stability or degradation is 
critical in determining how ecosystems respond, especially when 
considering management action or intervention. 

The timescale over which disturbance processes in ecological sys
tems occur have been described using the press and pulse framework 
(Bender et al., 1984). Chronic stressors operating over longer timescales, 
and often larger spatial scales, are regarded to be presses, whereas acute 
extreme events operating over shorter timescales, and most often 
smaller spatial scales, are considered pulses. Mangroves, like most 
ecosystems, can respond and adapt to presses when their magnitude, 

duration, and frequency are of low intensity (e.g., historical sea-level 
rise) (Woodroffe et al., 2016). The adaptive capacity of mangroves be
comes exhausted when multiple pulse events are compounded with 
chronic presses (e.g., extreme weather, rapid sea-level changes) 
(reviewed by Sippo et al., 2018). The capacity of some ecosystems to 
remain resilient in the face of low intensity perturbations is high, but 
degradation and eventual loss will occur when cumulative intensity 
exceeds their ability to adapt or recover (conceptualized in Fig. 3). 
Identifying the multiple factors contributing to degradation, and the 
timescales over which they operate, is crucial to address degradation 
through feasible management strategies. 

5. An actionable framework for quantifying degradation 

Based on the key considerations of degradation outlined above, we 
propose a workflow for actionable implementation of the Degradation 
Indicator Framework (Fig. 4). This workflow is formatted to be adaptive 
and accommodate diverse users, with various levels of monitoring ca
pabilities and historical data. Each site's unique features (biogeography, 
typology, climate, and site history – as described above) should be 
considered when identifying a system's status, the influential drivers of 
potential degradation, and when selecting the appropriate indicators to 
measure ecosystem response to those drivers. Each step of this work
flow, particularly the selection of indicators and references, can be 
revisited should more information become available. 

We applied the workflow process for the Degradation Indicator 
Framework to generate site specific assessment for six mangrove forests 
from around the globe (Fig. 5). Case study sites include: Canal de Santos 
(Brazil) (Fig. 5a), Mngazana Estuary (South-Africa) (Fig. 5b), Segara 
Anakan Lagoon (Indonesia) (Fig. 5c), Mikindani (Kenya) (Fig. A.1), 
Galle Unawatuna (Sri Lanka) (Fig. A.2), and Matang Mangrove Reserve 
(Malaysia) (Fig. A.3). These study sites represent a range of conditions, 
potential sources of degradation, biogeographic and geomorphic set
tings, and demonstrate the use of various references and indicator 
confidence. For a full analysis of indicators, reference sites, and site- 
specific citations see Table A.1. 

5.1. Brazil- Canal de Santos, São Paulo 

The Canal de Santos mangrove forest in São Paulo state was 
compared to a spatial reference forest in Ilha do Cardoso, Cananéia, 200 
km to the south, to allow for suitable data comparisons and avoid other 
degraded sites nearby. Despite the distance between them, both systems 
belong to the same geomorphic setting. Canal de Santos is characterized 
as a microtidal estuarine forest with a mountainous rainforest- 
dominated hinterland. Canal de Santos has suffered considerable phys
ical modification through the construction of industrial complexes, 
ports, roads, and railways since the first half of the 20th Century. The 
main drivers of degradation were identified as industrial and domestic 
pollution and land reclamation. The core indicators of degradation were 
identified as water and sediment pollution as well as loss of forest area. 
Despite these indicators of degradation, the study site still maintains 
similar tree biomass as the reference site. Data for the reference were 
taken from individual field and remote sensing studies focusing on sites 
within these two areas. At Canal de Santos 85.7% of indicators are in the 
yellow or red category (Fig. 5a). 

5.2. South Africa- Mngazana Estuary, Eastern Cape 

A temporal reference via aerial photographs from the 1930s and a 
spatial reference from mangroves in adjacent estuaries provide a com
bination of references for the mangroves at Mngazana Estuary. Mnga
zana Estuary is described as a wave dominated, temperate/sub-tropical 
system with a permanently open ocean connection and three mangrove 
species. Harvesting of trees for wood products has resulted in decreased 
mangrove forest area and changed the size class structure as indicated 
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by measurements in harvested and non-harvested plots. Mangrove cover 
is patchy due to canopy removal, salinization, and limited propagule 
establishment due to hydrologic changes. Other recorded impacts 
include footpaths, cattle browsing, trampling, multiple watershed im
pacts, sediment input, and disturbance from surrounding agricultural 
activities. The mangroves can be described as heavily impacted with 
87% of the indicators in either yellow or red categories (Fig. 5b). 

5.3. Indonesia-Segara Anakan Lagoon, Java 

The Segara Anakan Lagoon on the island of Java was compared to a 
temporal reference to assess its system status and potential for degra
dation (Fig. 5c). The Segara Anakan area is a microtidal, estuarine 
lagoon with 15 mangrove species in a 20 km lagoon along the south 
coast of central Java with a large salinity gradient due to both riverine 
and oceanic influences. The resources of the lagoon and its mangrove 
forest have long sustained the livelihoods of a dense local population 
nearby. The lagoon's size rapidly decreased in the late 20th century due 
to increased sediment input from erosion after land use change. Despite 
higher sediment inputs providing additional substrate for mangrove 
colonization, net mangrove forest area decreased largely due to agri
cultural conversion (rice). Changing environmental conditions, logging, 
and artisanal fisheries further led to a decrease in abundance and species 
numbers of the flora and benthic fauna altering community composi
tion. This site's poor status and high levels of degradation (47% red, 53% 
yellow, 0% green) have been well characterized with high confidence 
(black) in all indicators and metrics measured over time. 

5.4. Kenya- Mikindani, Mombasa 

Mikindani, located near the major East-African Port of Mombasa, 
was compared to two spatial reference mangrove sites near Gazi Bay (ca. 
45 km South) and Mida Creek (ca. 100 km North) with all sites having 
been subject to considerable scientific inquiry. Mikindani is a peri- 
urban, macrotidal, fringing mangrove forest in a shallow bay system 
with ten mangrove species. Land-use change, land reclamation, and 
agricultural impacts are all drivers of degradation in this system, despite 
the fact that multiple nearby communities rely on it for a range of 
ecosystem services. Domestic sewage and watershed land use change are 
core stressors as this forest receives excessive amounts of domestic 
sewage from the adjacent inhabited hills. The need for rehabilitation 
and action is highly evident with 85% of indicators listed as red after the 
comprehensive assessment (Fig. A.1). 

5.5. Sri Lanka- Galle-Unawatuna 

The relatively small mangrove patch of Galle-Unawatuna, located 
within a tourist area, was compared to a temporal reference from the 
1950s. Galle is a microtidal, basin mangrove forest with 10 mangrove 
species and a mosaic of vegetation across the microtopographic land
scape. Over 30 years of ecological field studies, remote sensing, and 
participatory approaches with local stakeholders highlight how this 
forest has been influenced by the development of roads, dams, and in
dustry. 92% of indicators are listed as either red or yellow in our 
assessment highlighting both the degradation of this system, but also 
that some components appear to be resilient to disturbance (Fig. A.2). 

Fig. 4. Workflow for use of the Degradation Indicator Framework and implementation with built-in iterative process to allow for re-evaluation.  
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5.6. Malaysia-Matang Mangrove Forest reserve 

Matang Mangrove Forest Reserve is a heavily managed mangrove 
forest since its founding in 1902. For this analysis a forest patch in the 
productive zone of the mangrove forest was compared to a nearby 
spatial reference in the protective zone. Matang Mangrove Forest is a 
mesotidal system with a combination of riverine and tide-dominated 
stands and ~26 mangrove species. The relatively high proportion of 
indicators assessed as green (44%, Fig. 5f) is likely due to the 30-year 
harvesting cycles with largely un-disturbed growth (except for two 
phases of thinning) resulting in conditions within the reference varia
tion. Yet, 39% of indicators examined were red, including biodiversity, 
nutrient cycling, and soil carbon loss resulting from clear-cutting. This 
assessment corroborates other recent literature (Goessens et al., 2014; 
Aziz et al., 2015) and highlights the declining production and associated 
risk for degradation (Fig. A.2). 

6. Management implications of the degradation framework 

Ecological monitoring is used to detect environmental change driven 
by a wide variety of factors (e.g., stochastic processes, successional 

trends, cyclic variation, or direct/indirect anthropogenic activities). To 
effectively detect and measure changes to make informed management 
decisions, it is imperative to gain an understanding of the current status 
of a system relative to a reference (spatial and/or temporal) and an 
understanding of relevant drivers of degradation. The Degradation In
dicator Framework and associated workflow we present here can be 
applied by managers or researchers as part of a larger assessment 
framework to 1) evaluate the current status of a particular system 
relative to a reference system and 2) identify key drivers of potential 
degradation by considering a comprehensive suite of factors and 
stressors. The Degradation Indicator Framework and complementary 
workflow explicitly use a broad suite of indicators to facilitate an 
expansive assessment of ecosystem structure, function, and ecosystem 
services, which provides a more pertinent perspective than, for example, 
areal cover alone. Importantly, all specific indicators within each cate
gory are measurable, have a transparent scientific basis, and are clearly 
linked to their particular degradation stressor or system status feature. 
This suite of indicators can then be used to inform appropriate man
agement or conservation action (McQuatters-Gollop et al., 2019). For 
example, this framework and workflow could be used to assess the 
current status of a system and be applied repeatedly to understand how 

Fig. 5. Example Degradation Indicator Frameworks as 
applied to case study sites in: a. Brazil- Canal de Santos, b. 
South Africa- Mngazana Estuary, and c. Indonesia- Segara 
Anakan Lagoon. Three additional case studies from Kenya- 
Mikindani, Sri Lanka- Galle-Unawatuna, Malaysia-Matang 
Mangrove Forest are included in SI 1. All specific data (e. 
g., indicator and values) are presented in tabular form for 
all case studies in SI 2. Reference Fig. 1 and supporting text 
for detailed descriptions of the framework components.   
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management and or restoration activities have helped to improve 
overall ecosystem structure, processes, and services and how actions 
have reduced specific drivers of degradation. Furthermore, it allows for 
a comparable and actionable decision support workflow to revisit areas 
of special concern or areas that require additional attention. 

The presented Degradation Indicator Framework and workflow 
provides a customizable assessment tool, while considering inherent 
differences in geographic and environmental characteristics. Impor
tantly, a full assessment of the functionality and service provision of a 
degraded (or recovering) ecosystem requires a broad suite of indicators, 
including physical, chemical, biological, and socio-economic factors. A 
holistic view that considers degradation within the broader socio- 
ecological system is critical as drivers of ecosystem degradation and 
solutions for their reduction and management are inherently socio- 
ecological. As with all monitoring tools and frameworks, the data pro
vide a snapshot of a given system at that moment in time. Once 
assessment has been completed, the process should be repeated regu
larly and components reassessed to provide context, directionality, and 
to evaluate the efficacy of management plans for both a system's status 
and potential degradation impacts. For example, the framework and 
workflow could be used to assess the efficacy of management strategies 
by employing the framework before and after any action, be it hydro
logic restoration, reduced resource extraction, removal of a pollution 
source, etc. 

Any disciplinary focus when conducting ecological monitoring can 
lead to the underrepresentation of critical aspects and processes of the 
ecosystem under concern, resulting in a skewed or oversimplified 
assessment. The indicators presented here are in part based on the 
knowledge and experience of an international team of multidisciplinary 
mangrove researchers with experience in multiple countries from 
around the world with mangroves representing all major biogeomorphic 
and climatic settings. While additional indicators and components may 
be needed, this framework has been developed with multiple biogeo
graphical, geomorphological, and temporal/spatial considerations from 
a variety of locations worldwide. We feel this global perspective 
strengthens this framework for both mangroves and other systems. We 
encourage users to modify this framework to meet the needs and re
sources of their location(s) and ecosystems of interest. Additionally, we 
recognize that the framework presented here should be complemented 
with site-specific social and/or wellbeing indicators where appropriate 
(Corrigan et al., 2018; Dahdouh-Guebas et al., 2021). 

The presented conceptual framework gives information on the site- 
specific causes, scope, and impact of ecosystem degradation. Such 
location specific metrics of degradation are critical to ensure that 
remedial management actions are suitable, as such actions will vary 
greatly depending on the cause of degradation, the user, and site. Stra
tegies may include no action, increased monitoring, restoration, re- 
instatement of physical conditions, control of biotic components, or 
various management interventions such as increasing protected area 
status, or socio-economic interventions. Relatively few of these strate
gies may be considered universally applicable, and they require site 
specific socio-ecological and socio-political knowledge to be successful. 
The Degradation Indicator Framework and workflow provide a path 
towards assessing the presence and causes of degradation which can be 
used to inform management and evaluate the efficacy of management 
actions. Usage is meant to elucidate gaps and shortcomings, while 
providing opportunities for future research, conservation action, or 
amelioration to occur. 

7. Conclusions 

As ecosystems continue to be lost and degraded, and the causes of 
ecosystem degradation are increasingly obscured by anthropogenic in
fluences on natural processes, broader characterization of ecosystem 
status and degradation will facilitate a comprehensive understanding of 
system change and identification of drivers of such change. The 

conceptual framework presented here emphasizes the necessity of 
considering each site's unique characteristics and recommends a work
flow for comparing the site's current status and drivers of degradation to 
reference conditions. We encourage users to adapt this framework for 
their own systems of interest to provide data-driven, objective assess
ments that can inform and re-equilibrate management and policy ac
tions in the face of ecosystem degradation and loss. The challenge of 
accurately identifying, defining, and addressing ecosystem degradation 
is substantial, by critically using appropriate indicators of stressors and 
overarching drivers in a comprehensive framework, users can assess 
both recognizable and cryptic degradation, allowing for a better choice 
of management actions to address degradation and aid subsequent 
ecosystem recovery and conservation. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biocon.2021.109355. 
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Côté, I.M., Darling, E.S., Brown, C.J., 2016. Interactions among ecosystem stressors and 
their importance in conservation. Proc. R. Soc. B Biol. Sci. 283 (1824), 20152592 
https://doi.org/10.1098/rspb.2015.2592. 

Dahdouh-Guebas, F., Hettiarachchi, S., Lo Seen, D., Batelaan, O., Sooriyarachchi, S., 
Jayatissa, L.P., Koedam, N., 2005. Transitions in ancient inland freshwater resource 
management in Sri Lanka Affect Biota and Human Populations in and around coastal 
lagoons. Curr. Biol. 15 (6), 579–586. https://doi.org/10.1016/j.cub.2005.01.053. 
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Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I., 
Huang, M., Leitzell, K., Lonnoy, E., Matthews, J.B.R., Maycock, T.K., Waterfield, T., 
Yelekçi, O., Yu, R., Zhou, B. (Eds.), Human Influence on the Climate System. In: 
Climate Change 2021: The Physical Science Basis. Contribution of Working Group I 
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press. In Press. 

Friess, D.A., Yando, E.S., Abuchahla, G.M.O., Adams, J.B., Cannicci, S., Canty, S.W.J., 
Cavanaugh, K.C., Connolly, R.M., Cormier, N., Dahdouh-Guebas, F., Diele, K., 
Feller, I.C., Fratini, S., Jennerjahn, T.C., Lee, S.Y., Ogurcak, D.E., Ouyang, X., 
Rogers, K., Rowntree, J.K., Wee, A.K.S., 2020. Mangroves give cause for 
conservation optimism, for now. Curr. Biol. 30 (4), R153–R154. https://doi.org/ 
10.1016/j.cub.2019.12.054. 

Ghazoul, J., Burivalova, Z., Garcia-Ulloa, J., King, L.A., 2015. Conceptualizing forest 
degradation. Trends Ecol. Evol. 30 (10), 622–632. https://doi.org/10.1016/j. 
tree.2015.08.001. 

Gilman, E.L., Ellison, J., Duke, N.C., Field, C., 2008. Threats to mangroves from climate 
change and adaptation options: a review. Aquat. Bot. 89 (2), 237–250. https://doi. 
org/10.1016/j.aquabot.2007.12.009. 

Goessens, A., Satyanarayana, B., Stocken, T.V. der, Zuniga, M.Q., Mohd-Lokman, H., 
Sulong, I., Dahdouh-Guebas, F., 2014. Is Matang Mangrove Forest in Malaysia 
sustainably rejuvenating after more than a century of conservation and harvesting 
management? PLoS One 9 (8), e105069. https://doi.org/10.1371/journal. 
pone.0105069. 

Goldberg, L., Lagomasino, D., Thomas, N., Fatoyinbo, T., 2020. Global declines in 
human-driven mangrove loss. Glob. Chang. Biol. 26 (10), 5844–5855. https://doi. 
org/10.1111/gcb.15275. 

Hamilton, L.S., Snedaker, S.C., 1984. Handbook for Mangrove Area Management. East- 
West Environment and Policy Institute, Honolulu. http://scholarspace.manoa. 
hawaii.edu/handle/10125/26547.  

Harris, R.M.B., Beaumont, L.J., Vance, T.R., Tozer, C.R., Remenyi, T.A., Perkins- 
Kirkpatrick, S.E., Mitchell, P.J., Nicotra, A.B., McGregor, S., Andrew, N.R., 
Letnic, M., Kearney, M.R., Wernberg, T., Hutley, L.B., Chambers, L.E., Fletcher, M.- 
S., Keatley, M.R., Woodward, C.A., Williamson, G., Bowman, D.M.J.S., 2018. 
Biological responses to the press and pulse of climate trends and extreme events. Nat. 
Clim. Chang. 8 (7), 579–587. https://doi.org/10.1038/s41558-018-0187-9. 

Hegerl, G., Zwiers, F., 2011. Use of models in detection and attribution of climate 
change. Wiley Interdiscip. Rev. Clim. Chang. 2 (4), 570–591. 

Hobbs, R.J., 2016. Degraded or just different? Perceptions and value judgements in 
restoration decisions. Restor. Ecol. 24 (2), 153–158. https://doi.org/10.1111/ 
rec.12336. 

E.S. Yando et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.ecss.2020.106796
https://doi.org/10.1016/j.ecss.2020.106796
https://doi.org/10.1126/science.1112122
https://doi.org/10.5751/ES-03825-160222
https://doi.org/10.1016/j.ecolecon.2015.10.014
https://doi.org/10.1016/j.ecss.2019.03.003
https://doi.org/10.1016/j.ecss.2019.03.003
https://doi.org/10.1016/j.marenvres.2010.10.002
https://doi.org/10.2307/1939452
https://doi.org/10.2307/1939452
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0035
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0035
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0035
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0035
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0035
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0035
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0035
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0035
https://doi.org/10.1016/j.aquabot.2008.03.010
https://doi.org/10.1038/s41598-020-63880-1
https://doi.org/10.1038/s41598-020-63880-1
https://public.ebookcentral.proquest.com/choice/publicfullrecord.aspx?p=5165307
https://public.ebookcentral.proquest.com/choice/publicfullrecord.aspx?p=5165307
https://doi.org/10.1016/j.ecss.2009.04.021
https://doi.org/10.1073/pnas.2016913118
https://doi.org/10.1073/pnas.2016913118
https://doi.org/10.1073/pnas.1315800111
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0065
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0065
https://doi.org/10.1111/conl.12397
https://doi.org/10.1111/conl.12397
https://doi.org/10.1016/j.ecoser.2017.09.008
https://doi.org/10.1016/j.ecoser.2017.09.008
https://doi.org/10.1098/rspb.2015.2592
https://doi.org/10.1016/j.cub.2005.01.053
https://doi.org/10.1016/j.ecss.2020.106942
https://doi.org/10.1016/j.ecss.2020.106942
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0095
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0095
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0095
https://doi.org/10.1016/S0921-8009(02)00089-7
https://doi.org/10.1016/j.scitotenv.2020.142041
https://doi.org/10.1016/j.scitotenv.2020.142041
https://doi.org/10.2307/2997695
https://doi.org/10.1046/j.1526-100x.2000.80033.x
https://doi.org/10.2307/2389096
https://doi.org/10.1111/j.1466-8238.1998.00275.x
https://doi.org/10.1111/j.1466-8238.1998.00275.x
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0130
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0130
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0130
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0130
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0130
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0130
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0130
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0130
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0130
https://doi.org/10.1016/j.cub.2019.12.054
https://doi.org/10.1016/j.cub.2019.12.054
https://doi.org/10.1016/j.tree.2015.08.001
https://doi.org/10.1016/j.tree.2015.08.001
https://doi.org/10.1016/j.aquabot.2007.12.009
https://doi.org/10.1016/j.aquabot.2007.12.009
https://doi.org/10.1371/journal.pone.0105069
https://doi.org/10.1371/journal.pone.0105069
https://doi.org/10.1111/gcb.15275
https://doi.org/10.1111/gcb.15275
http://scholarspace.manoa.hawaii.edu/handle/10125/26547
http://scholarspace.manoa.hawaii.edu/handle/10125/26547
https://doi.org/10.1038/s41558-018-0187-9
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0165
http://refhub.elsevier.com/S0006-3207(21)00407-9/rf0165
https://doi.org/10.1111/rec.12336
https://doi.org/10.1111/rec.12336


Biological Conservation 263 (2021) 109355

11

Holling, C.S., 1973. Resilience and stability of ecological systems. Annu. Rev. Ecol. Syst. 
1–23. 

IPBES, 2019. Global assessment report on biodiversity and ecosystem services of the 
intergovernmental science-policy platform on biodiversity and ecosystem services. 
In: Brondizio, E.S., Settele, J., Díaz, S., Ngo, H.T. (Eds.), IPBES secretariat, Bonn, 
Germany. 

Jennerjahn, T.C., Gilman, E., Krauss, K.W., Lacerda, L.D., Nordhaus, I., Wolanski, E., 
2017. Mangrove ecosystems under climate change. In: Rivera-Monroy, V.H., Lee, S. 
Y., Kristensen, E., Twilley, R.R. (Eds.), Mangrove Ecosystems: A Global 
Biogeographic Perspective—Structure, Function and Services. Springer International 
Publishing, pp. 211–244. https://doi.org/10.1007/978-3-319-62206-4_7. 

Kaufmann, M. R, Graham, R. T., Jr D. A. B., Moir, W. H., Perry, L., Reynolds, R. T., 
Bassett, R. L., Mehlhop, P., Edminster, C. B., Block, W. M., & Corn, P. S. (1994). An 
Ecological Basis for Ecosystem Management (General Technical Report RM-246; p. 
28). U.S. Department of Agriculture, Forest Service, Rocky Mountain Research 
Station. 

Kaufmann, M.R., Huckaby, L.S., Regan, C.M., Popp, J., 1998. Forest Reference 
Conditions for Ecosystem Management in the Sacramento Mountains, New Mexico 
(RMRS-GTR-19; p. RMRS-GTR-19). U.S. Department of Agriculture, Forest Service, 
Rocky Mountain Research Station. https://doi.org/10.2737/RMRS-GTR-19. 

Kennedy, C.M., Oakleaf, J.R., Theobald, D.M., Baruch-Mordo, S., Kiesecker, J., 2019. 
Managing the middle: a shift in conservation priorities based on the global human 
modification gradient. Glob. Chang. Biol. 25 (3), 811–826. https://doi.org/10.1111/ 
gcb.14549. 

Lee, S.Y., 2008. Mangrove macrobenthos: assemblages, services, and linkages. J. Sea Res. 
59 (1–2), 16–29. https://doi.org/10.1016/j.seares.2007.05.002. 

Lee, S.Y., Dunn, R.J.K., Young, R.A., Connolly, R.M., Dale, P.E.R., Dehayr, R., 
Lemckert, C.J., Mckinnon, S., Powell, B., Teasdale, P.R., Welsh, D.T., 2006. Impact of 
urbanization on coastal wetland structure and function. Austral Ecol. 31 (2), 
149–163. https://doi.org/10.1111/j.1442-9993.2006.01581.x. 

Lee, S.Y., Primavera, J.H., Dahdouh-Guebas, F., McKee, K., Bosire, J.O., Cannicci, S., 
Diele, K., Fromard, F., Koedam, N., Marchand, C., Mendelssohn, I., Mukherjee, N., 
Record, S., 2014. Ecological role and services of tropical mangrove ecosystems: a 
reassessment. Glob. Ecol. Biogeogr. 23 (7), 726–743. https://doi.org/10.1111/ 
geb.12155. 

Lee, S.Y., Hamilton, S., Barbier, E.B., Jurgenne, P., Lewis, R.R., 2019. Better restoration 
policies are needed to conserve mangrove ecosystems. Nat. Ecol. Evol. London 3 (6), 
870–872 https://doi.org.proxy.lib.odu.edu/10.1038/s41559-019-0861-y.  

Lewis, R.R., Milbrandt, E.C., Brown, B., Krauss, K.W., Rovai, A.S., Beever, J.W., Flynn, L. 
L., 2016. Stress in mangrove forests: early detection and preemptive rehabilitation 
are essential for future successful worldwide mangrove forest management. Mar. 
Pollut. Bull. 109 (2), 764–771. https://doi.org/10.1016/j.marpolbul.2016.03.006. 

Lovelock, C.E., Ball, M.C., Martin, K.C., Feller, I.C., 2009. Nutrient enrichment increases 
mortality of mangroves. PLoS One 4 (5), e5600. https://doi.org/10.1371/journal. 
pone.0005600. 

Lugo, A.E., Snedaker, S.C., 1974. The ecology of mangroves. Annu. Rev. Ecol. Syst. 5 (1), 
39–64. https://doi.org/10.1146/annurev.es.05.110174.000351. 

Luo, Y.Y., Not, C., Cannicci, S., 2021. Mangroves as unique but understudied traps for 
anthropogenic marine debris: a review of present information and the way forward. 
Environ. Pollut. 271, 116291 https://doi.org/10.1016/j.envpol.2020.116291. 

McQuatters-Gollop, A., Mitchell, I., Vina-Herbon, C., Bedford, J., Addison, P.F.E., 
Lynam, C.P., Geetha, P.N., Vermeulan, E.A., Smit, K., Bayley, D.T.I., Morris- 
Webb, E., Niner, H.J., Otto, S.A., 2019. From science to evidence – how biodiversity 
indicators can be used for effective marine conservation policy and management. 
Front. Mar. Sci. 6, 109. https://doi.org/10.3389/fmars.2019.00109. 
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Fig. A.1. Example Degradation Indicator Framework as applied to case study site in Kenya- Mikindani. All 
specific data (e.g., indicator and values) are presented in tabular form for all case studies in Table A.1. 
Reference Fig. 1 and supporting text for detailed descriptions of the framework components. Note: This 
site has two spatial references as indicated by the two circles.
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Fig. A.2. Example Degradation Indicator Framework as applied to case study site in Sri Lanka- Galle. All 
specific data (e.g., indicator and values) are presented in tabular form for all case studies in Table A.1. 
Reference Fig. 1 and supporting text for detailed descriptions of the framework components.
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Fig. A.3. Example Degradation Indicator Framework as applied to case study site in Malaysia- Matang
Mangrove Forest. All specific data (e.g., indicator and values) are presented in tabular form for all case 
studies in Table A.1. Reference Fig. 1 and supporting text for detailed descriptions of the framework 
components.
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