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Abstract: This paper presents a synthesis of the mangrove ecosystem valuation literature
through a meta-regression analysis. The main contribution of this study is that it is the first
meta-analysis focusing solely on mangrove forests, whereas previous studies have included
different types of wetlands. The number of studies included in the regression analysis is
44 for a total of 145 observations. We include several regressions with the objective of
addressing outliers in the data as well as the possible correlations between observations of
the same study. We also investigate possible interaction effects between type of service
and GDP per capita. Our findings indicate that mangroves exhibit decreasing returns to
scale, that GDP per capita has a positive effect on mangrove values and that using the
replacement cost and contingent valuation methods produce higher estimates than do other
methods. We also find that there are statistically significant interaction effects that influence
the data. Finally, the results indicate that employing weighted regressions provide a better
fit than others. However, in terms of forecast performance we find that all the estimated
models performed similarly and were not able to conclude decisively that one outperforms
the other.
Keywords: mangroves; meta-regression analysis; nonmarket valuation
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1. Introduction
Occurring at the intersection of land and sea within 30 of the Equator, mangrove forests thrive in
coastal zones characterized by desiccating heat, choking mud, and salt levels that would kill most
plants [1]. Nevertheless, mangrove ecosystems are among the most productive and biologically
complex ecosystems on the planet and provide us with a myriad of essential ecosystem services [2–5].
Mangroves provide pivotal support to commercial fisheries acting as nursery, breeding, spawning and
hatching habitats for offshore fisheries [6–8] and exporting organic matter to the marine environment,
producing nutrients for fauna in both the mangroves themselves and in adjacent marine and estuarine
ecosystems [9]. Mangroves also play a crucial role in shoreline protection, where they serve as natural
barriers, dissipating the destructive energy of waves and reducing the impact of hurricanes, cyclones,
tsunamis and storm surges. Several studies have documented that regions with intact mangroves were
exposed to significantly lower levels of devastation from cyclones than those with degraded or
converted mangroves [6,7,10,11]. Mangroves play a significant role in stabilizing fine sediments,
contributing to shore stabilization and erosion control [3,9]. Additionally, mangrove forests are often a
rich source of timber, fuel wood, honey, medicinal plants and other raw materials [7,9]. Finally, they
attract ecotourists, fishers, hunters, hikers and birdwatchers providing a valuable realized or potential
source of national income.
Despite the vital ecosystem services they provide, mangroves are threatened worldwide. In many
parts of the world they are rapidly being converted to salt evaporation ponds, aquaculture, housing
developments, roads, ports, hotels, golf courses, and farms. In South and Southeast Asia, where 41.4%
of the world’s mangroves occur [12], shrimp farms are being established on sites previously occupied
by productive mangrove swamps [3]. Mangrove trees are also under exploitative pressure in areas,
such as Indonesia, for their resources such as timber, fuel wood, and charcoal in addition to being
cleared for agricultural purposes [13–15]. The mangroves that survive conversion are often threatened
by oil spills, chemical pollution, sediment overload, and disruption of their sensitive water and salinity
balance [1].
One reason mangrove forests are threatened is the public-good, non-market nature of many of the
ecosystem goods and services they provide [16,17]. Due to the difficulty in estimating the value of the
non-market ecosystem services, intact mangrove forests are often undervalued in benefit cost analyses
of conservation versus other commercial land uses. Properly accounting for the multiple services
provided by mangroves is necessary for making efficient choices between developing mangroves and
management alternatives that entail more conservation and less conversion and exploitation of
mangroves [14]. Developing accurate estimates for the value of intact mangrove forests is also needed
for assessing damages from events such as oil spills. Oil spills, especially large-scale ones, have
potentially devastating effects on mangroves, the flora and fauna sheltered by them, and the ecological
services they provide [18]. Accordingly, mangroves are ranked among the most sensitive of shoreline
regions in the Environmental Sensitivity Index (ESI) of the National Oceanic and Atmospheric
Administration (NOAA), which measures how sensitive an area of shoreline would be to an oil
spill [19].
The worldwide decline of mangrove forests has instigated a wide range of efforts to estimate the
economic value of mangrove ecosystems [3,20–24]. Numerous studies have attempted to value
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mangrove ecosystems and their services in a wide range of geographic regions using a variety of
valuation methods. Furthermore, there have been several meta-analyses conducted with regards to
wetlands values in general [17,25–29]. However, to the authors’ knowledge, there has been no attempt
to undertake a mangrove-specific meta-regression analysis aimed at identifying underlying factors that
affect annual per hectare mangrove values. Several studies have assembled data related to mangrove
valuations conducted by other studies [16,30] without incorporating a regression component in the
analysis while others have sought to identify a quantitative relationship between mangrove habitat area
and shrimp production [31–33]. Therefore, the objective of this paper is to present a mangrove-specific
meta-analysis examining the factors that determine mangrove economic valuations.
The rest of this paper is organized as follows. Section 2 reviews the different methods used to value
the ecosystem services provided by mangroves. Section 3 provides an overview of the methodology
used in the analysis. Data and summary statistics are presented in Section 4. Section 5 includes the
estimation results and discussion followed by conclusions in section 6.
2. Mangrove Ecosystem Services and Valuation Methods
As noted above, mangroves provide a wide range of vital ecosystem services, which have an
equally wide range of value. Economists generally decompose the total economic value of ecosystems
into direct use, indirect use and non-use values. Direct use values refer to consumptive and
non-consumptive uses that entail direct physical interaction with the mangroves and their services [34]
such as outputs of fish, fuel wood, recreation, and transport. Indirect use values include regulatory
ecological functions [34], which lead to indirect benefits such as flood control, storm protection,
nutrient retention, nursery grounds for different species, and erosion control. Nonuse values include
existence and bequest values of mangroves [3]. Table 1 summarizes these services, as well as the
methods most commonly used in their valuation.
Methods for valuing ecosystem services vary depending on the nature of the service. For ecosystem
functions that produce marketable goods and services, prices are used in several alternative methods.
The first is the production function approach (PF), which is based on the notion that the ecological
function is an input to the production process and its value is measured by its effect on the productivity
of marketed outputs [35]. PF measures the value as the change in consumer surplus (CS) and producer
surplus (PS) that result from the change in the quantity or quality of the environmental good [17,36].
The net factor income approach (NFI) measures the value of the environmental service as the change
in PS by subtracting the cost of other production inputs from total revenue of the marketable good. The
market prices (MP) method assigns the total revenue derived from the marketable goods and services
as the value of the ecosystem service that generated them. However, MP estimates are often upward
biased since the cost of other production inputs are neglected [17].
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Table 1. Ecological mangrove functions, economic goods and services, types of value, and
commonly applied valuation methods.
Ecological function

Economic goods and
services

Value type

Flood and flow control

Flood protection

Indirect use

Storm protection

Indirect use

Improved water quality

Indirect use

Waste disposal

Direct use

Storm buffering/ sediment
retention
Water quality
maintenance/nutrient
retention

Habitat and nursery
for plant and animal
species

Biodiversity
Carbon sequestration
Natural environment

Commercial fishing and
hunting
Recreational fishing and
hunting
Harvesting of natural
materials

Direct use

Energy resources

Direct use

Appreciation of species
existence
Reduced global warming

Direct use

Direct use

Commonly used
valuation method(s) *
RCM
MP
RCM
PF
CVM
RCM
MP
NFI
TCM
CVM
MP
NFI
MP
NFI

Non-use

CVM

Indirect use

RCM
CVM
TCM

Recreation, tourism

Direct use

Existence, bequest, option
values

Non-use

CVM

Source: Adapted from Brander et al. [17] who adapt with modifications from Barbier [37,38], Brouwer
et al. [39], and Woodward and Wui [27]. * Abbreviations represent: market prices (MP), production function
method (PFM), travel cost method (TCM), contingent valuation method (CVM), replacement cost method
(RCM), and net factor income (NFI).

Contingent valuation (CVM), currently the only method available to assess nonuse values, has been
used for measuring both large discrete and marginal changes in ecosystem goods and services. CVM
involves the use of surveys to elicit responses from people about their maximum willingness-to-pay
(WTP) or willingness-to-accept (WTA) for hypothetical changes in environmental quality. The welfare
measures estimated using the CVM are compensating and equivalent surplus [17,40,41]. Travel cost
(TC) models are used to assess the recreational value of an ecosystem, such as evaluating the losses
occurring from beach closures after oil spills [42]. The main idea behind the use of travel costs to
assess the recreational demand of a site is that they act as implicit prices since an individual would
have to incur these costs in order to complete the visit [39,43]. The use value of a recreational site is
the sum of the total WTP of all individuals using that site [44]. TC measures the change in CS.
The replacement cost method (RCM) assumes that the value of the ecosystem service is equal to the
cost of replacing it with a manmade alternative. Freeman [39] argues that three conditions must be met
for the RCM to accurately estimate the value of the service. First, the manmade alternative must be the
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least costly method of replacement. Second, the service provided by the alternative must be of
equivalent quality and magnitude. Third, individuals must be willing to incur this cost to replace the
service if the natural resource is destroyed. Since replacement costs are not based on consumers’
demand over ecosystem services, the RCM is not expected to provide accurate measure of CS and
PS [17].
3. Methods
The goal of this paper is to use meta-analysis to assess the factors that potentially have a role in
determining the annual per hectare value of mangrove forests. The most prominent advantage of
meta-analysis is that it overcomes the problem of researcher subjectivity that characterizes literature
reviews, whereby researchers often subjectively decide which studies to include and set aside others
that they consider to be “weak”. Instead, meta-analyses provide a statistical framework that
incorporates evidence from the entire literature in a way that enables superior summarization and
interpretation. Consequently, hundreds of meta-analysis applications have been carried out in the last
few decades in the medical and social sciences [45,46].
Meta-regression analysis (MRA) is particularly useful for the purpose of examining the findings of
empirical studies in economics. MRA involves a dependent variable drawn from each study, in addition
to independent variables that encompass the range of factors underlying differences among the studies
such as method, design and data [45,46]. Following Woodward and Wui [27], Brander et al. [17],
Ghermandi et al [29] and Chen [28], we estimate the base semi-logarithmic model of the following
form in matrix notation:

ln(y)  c  X m m  X v v  X d d  

(1)

where c is the constant term, the dependent variable is the natural log of the annual per hectare
mangrove values in 2010 US$, the β vectors represent the vectors of coefficients of the respective X
matrices and μ is the vector of residuals, assuming well-behaved error terms. The independent
variables encompass study characteristics, Xv, mangrove characteristics, Xm, and Xd, GDP per capita.
Variable definitions and summary statistics are displayed in Table 2.
Table 2. Variable definitions and summary statistics (in US$ ha−1·yr−1).
Variable

Definition and units

Mean
(St. dev.)

N

0.74 (0.44)

108

0.260 (0.44)
2000 (7.13)
0.411 (0.494)
0.014 (0.117)
0.068 (0.253)

38
146
60
2
10

Study characteristics b
Average value
Marginal value
Publication year
MP
Static PF
Dynamic PF

Baseline category. a It depicts when the value is taken as an
average over the entire area of mangroves.
1 if the value was calculated per hectare and 0 otherwise
Year of publication
Baseline category a
1 if a static production function was used and 0 otherwise
1 if a dynamic production function was used and 0 otherwise
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Table 2. Cont.

Variable

Definition and units

Mean
(St. dev.)

N

Mangrove characteristics c
Other regressions
1 if other regressions were used and 0 otherwise
0.034 (0.182)
4
NFI
1 if the net factor income method was used and 0 otherwise
0.192 (0.395) 28
RC
1 if the replacement cost method was used and 0 otherwise
0.212 (0.410) 31
1 if the contingent valuation method was used
0.068 (0.253) 10
CV
and 0 otherwise
Mangrove characteristics c
Area
Area of the mangrove site in logarithm form
8.65 (2.937) 146
Local
Baseline category
1 if exports or the contribution of foreign visitors represents
Global
a significant portion of value and zero otherwise
Thailand
Baseline category a
0.219 (0.415) 32
Asia (excl. Thailand) 1 if in Asia but not Thailand and 0 otherwise
0.514 (0.502) 75
Middle East & Africa 1 if in the Middle East and Africa and 0 otherwise
0.075 (0.265) 11
Americas
1 if in the Americas and 0 otherwise
0.123 (0.33)
18
Other continent
1 if in Fiji or Micronesia and 0 otherwise
0.068 (0.253) 10
1 if site is designated as RAMSAR or provided any other
0.486 (0.502) 71
Protected
legal protection by the state and 0 otherwise
Fisheries
Baseline category a
0.349 (0.478) 51
Forestry
1 if a forestry product and 0 otherwise
0.24 (0.43)
35
Recreation
1 if tourism, recreation, or research and 0 otherwise
0.096 (0.295) 14
1 if coastal protection and stabilization or flood control
0.197 (0.40)
29
Coastal protection
and 0 otherwise
Carbon sequestration 1 if carbon sequestration and 0 otherwise
0.048 (0.214)
7
Nonuse
1 if a nonuse value and 0 otherwise
0.041 (0.199)
6
1 if water and air purification or waste assimilation
0.027 (0.164)
4
Water & air quality
and 0 otherwise
GDP per capita
GDP per capita in logarithmic form
6.71 (2.345) 146
a
Baseline category refers to that which is excluded for each categorical variable in order to avoid perfect
collinearity. b The category of the TCM was removed since it was represented by only one observation. c The
observations representing biodiversity, nutrient retention and traditional uses were excluded since each only
had one observation.

Several points should be noted concerning the variables used in the model. The log form for area
and GDP per capita produced better fitting models. The use of the continent dummy variables should
capture location effects on mangrove values. The choice of Thailand to be the baseline category was
based on the distribution of observations among the continents. Asia accounts for about 73% of the
observations, while the rest of the continents are somewhat similar in the number of observations
making them unlikely candidates for being the excluded category, since each accounts for only a small
percentage of the overall dataset. In Asia, Thailand accounts for nearly a third of the observations,
making it the largest contributor to our dataset. Alternatively, breaking Asia into the country level
would generate more variables than would be appropriate given the total number of observations.
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Consequently, we ran an F-test between the two models excluding Asia as a whole in one and
excluding only Thailand in the other. We were not able to reject the null that the two models are not
significantly different. Unlike other studies pertaining to wetlands in general, we have not included the
latitude and longitude coordinates of the location of each site because unlike wetlands, which are
geographically dispersed, mangroves predominantly occur in tropical regions and hence do not exhibit
as much geographic variability [47]. The publication year is included to capture developments or
innovations in valuation techniques, which may affect estimates. The GDP per capita represents the
socio-economic condition of the different countries the mangrove forests are located in.
A noteworthy point on the variables involves the accounting framework of the ecosystem goods and
services valuation. Fisheries production is calculated either as a percentage of the total catch of the fish
landings that can be attributed to mangroves, or by using a production function of some kind. The
value of the fish, as well as that of forestry products, is computed by using market or surrogate prices.
Costs of production may then be deducted or not, depending on the available data, resulting in either
the MP or NFI approach being used. The value of coastal protection and stabilization is calculated
either as the replacement cost of constructing man-made alternatives that would provide the service,
the value of the property that may be damaged without the service, or the value attached by the
community to the service. Tourism and recreation are computed as the revenues that accrue to the
community by visitors, either local or foreign. Carbon sequestration is calculated as the product of the
carbon sequestration rates in the site being valued and a global price of carbon, taken from a source
such as the World Bank reports. Nonuse values are always assessed through surveys aimed at
soliciting individuals’ willingness-to-pay (WTP) for the existence, bequest, or option values of
mangroves. A factor that may impact the magnitude of valuation is whether a significant part of the
good or service is exported to a foreign market or whether the contribution of foreigners to values such
as tourism is large.. The categorical variable Global captures this factor.
The joint production of ecosystem services as well as the ecological health of the mangroves may
also impact mangrove valuations. It is widely recognized that there are intricate relationships and
tradeoffs between ecosystem services [48–50]. For example, the over-harvesting of mangroves for
timber leads to high, unsustainable rates of deforestation that in turn, negatively impact the productivity
of other services such as providing nursery and breeding grounds for fisheries. Even though the
mangroves are generally harvested or cleared in all the studies we have covered, we have not found
studies that explicitly value this tradeoff between different goods and service in mangroves. Some
studies such as Ruitenbeek [14], Ong and Padilla [51] and Gammage [52] examine alternative
management strategies that involve focussing on one service or tanother. For each strategy, they
compute the potential value of the fisheries and/ or forestry values given certain assumptions,.
However, in this analysis, we have included only the values that represent the status quo and not
potential values.
Even though the health of mangroves is expected to greatly impact their productivity, the ecological
status is not always evident in the primary studies. To our knowledge there have been no attempts to
monetarily quantify the loss in ecosystem services associated with deterioration in mangrove function
performance. Possible exceptions could be Sanchirico and Mumby [53] and Sanchirico and
Springborn [54], who used the percent of mangrove cover as an indicator of mangrove availability.
Insofar as a reduced cover percent could be construed as compromised health, these papers can be
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considered as incorporating mangrove health in determining ecosystem service values. However, the
two papers did not offer quantitative values per unit area of mangrove forest.
We estimate three separate regression models. In model 1, we use ordinary least squares (OLS) with
robust standard errors [55]. In model 2, we deal with the issue of the potential presence of outliers in
the data by running a robust regression [56,57]. Finally, in model 3, we address the issue of the likely
correlation between observations of the same study (the majority of the studies used in the analysis
provide more than one estimate). We employ a method commonly used in the literature [29,58,59],
giving each study the same weight by assigning each observation a weight equal to the inverse of the
number of observations included in that study [60]. Since a comparison of models 1 and 2 reveal that
the outliers present in the data have an effect on the results, the weighted regression is also estimated
with the robust procedure used in model 2. In section 5, we report the results of model 3 since it
generally provided the best fit. We report the results for models 1 and 2 in the supplementary material.
4. Data
We compiled a total of 73 studies encompassing 352 observations of mangrove ecosystem service
valuations of either monetary or physical quantities (e.g., cubic meters of timber or tons of fish). The
list of studies is provided in the supplementary material. The studies included journal articles, project
reports, book chapters and ‘grey literature’. Care was taken to avoid double counting valuations that
were benefit transfers from other studies in our database. For estimates reported by the same author(s)
in different studies, the oldest study was used, when possible. Every effort was made to obtain the
primary studies where mangrove valuations are reported. However, whenever that was not possible,
the valuations were taken from the citing study, and both the original and citing studies were
referenced [61].
The data is described in two ways: quantities and values, both of which are expressed per hectare
per year (ha−1·yr−1). In the former, we describe the ranges of mangrove productivity of goods for
which physical quantities were specified in the primary studies. The number of observations of
physical quantities was 114 and their summary statistics are presented in Table 3. In the latter, only the
values that are used in the regression analysis are included and are summarized by service and by
valuation method.
Selecting and standardizing the values for the regression analysis entailed several steps. First,
studies that reported only physical quantities but not monetary valuations were dropped, as were all
observations with missing values. Some observations were reported on a per household basis, not per
unit area and hence were also excluded from the analysis. Additionally, due to the inconsistencies
between studies, we aggregated detailed estimates to make studies more comparable. For example, some
studies report valuations for aggregate fisheries, while others break them down into fish, shellfish and
shrimp, or fish and invertebrates. To overcome this, we aggregated all fishery-related goods into
“aggregate fisheries”. Reports of total economic valuations for the whole mangrove ecosystem were
not used since they include different environmental services, which in turn entail different valuation
methods. Accordingly, these estimates are not conductive to assessing the factors that affect annual per
hectare mangrove value.
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For standardizing valuations, we follow Woodward and Wui [27] and Brander et al. [17] in using
country GDP deflators and PPP conversion factors taken from the World Development Indicators
toconvert all values to US dollars. Another issue was that some studies reported marginal values while
others reported total or average values. Costanza et al. [62] assert that average productivity is more
appropriate for the evaluation of large areas, while marginal values should be used in assessing small
area values. We followed Brander et al. [17] and assumed that marginal and average values are equal,
i.e., that mangrove values exhibit constant returns to scale. We later include area as an explanatory
variable in order to examine the returns to scale of mangrove area.
The final number of studies included in the analysis was 44 for a total number of 149 observations.
The observations span 18 countries in Asia, the Americas, the Middle East and Africa. We created the
variable ‘other continent’ to represent Fiji and Micronesia. The methods of valuation employed in our
dataset include market prices, replacement cost (including costs avoided and maintenance costs
avoided), net factor income, travel cost, and both static and dynamic versions of the production
function approach. Several other production function models have been used, namely, the
Schaefer-Gordon model, the Leontief production function, the Pauly and Ingles production function as
well as a scaling model [63]. In the following analysis, we group the latter four production function
models, into one variable, “other regressions”.
To allow more consistency with the definitions used in the valuation studies, we categorize the
ecosystem services included in the dataset differently than in previous wetland meta-analyses, The
services are: (1) fisheries, which depict the value of fish and shellfish supported by mangrove forests,
including support as nursery and breeding grounds, (2) forestry, which includes timber, fuel wood,
charcoal, and other forestry products, (3) recreation, which includes tourism and research expenditures,
(4) storm protection and coastal protection and stabilization, (5) carbon sequestration, (6) nonuse
values, including option, bequest and existence values, (7) water and air purification as well as waste
assimilation, (8) nutrient retention, (9) biodiversity and (10) traditional uses from hunting, fishing and
gathering. The last category includes a value that incorporated elements of both forestry and fisheries
without segregating them into separate values and so was listed as a separate category.
Table 3. Quantities of goods provided by mangrove forests (ha−1·yr−1).
Variable
Obs.
Mean
Std. Dev.
Fish, shellfish, molluscs (Kg) *
29
539
748
Shrimp (Kg)
22
146
119
Timber (Kg)
3
5,976
6,658
Timber (m3)
13
6
4
Fuel wood, charcoal (Kg)
6
5,140
11,393
3
Fuel wood, charcoal (m )
7
102
102
Carbon (Mg)**
34
5.27
15.41
* Two observations also include shrimp. ** Mg = metric ton = 106 g.

Min
10
6
289
1
6
2
0.02

Max
2,500
349
13,300
13
28,370
230
90.5

Median
126
109
4,340
5
511
92
1.69

Table 3 shows that all goods are quantified in Kg., while timber, fuel wood and charcoal are further
quantified in some studies in terms of m3. In describing the productivities, we aggregated fish and
shellfish together, but left shrimp separate since studies often focus on shrimp because of its higher
value. It is not feasible to compare productivities across services because of their heterogeneity.
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Fisheries, either on-shore or off-shore, that depend on mangroves produce an average of
539 Kg·ha−1·yr−1 of fish and shellfish and146 Kg·ha−1·yr−1of shrimp. These averages lie within the
value ranges found by other studies [16,64]. Mangrove forests produce on average 5976 Kg ha−1·yr−1
of timber and 5140 Kg ha−1·yr−1 of fuel wood and charcoal. The forests further sequester an annual
mean of 5.27 Mg of carbon ha−1·yr−1. All medians are lower than the means, indicating skewed value
distributions. However, some services are much more heavily skewed with long right tails, such fish
and shellfish, carbon, and timber (Kg).
Figure 1 shows the distribution of observations by location. The observations are significantly
concentrated in Asia [65]. The reason for this may be partly because mangroves in South and
Southeast Asia account for 41.4% of the world’s mangroves [12]. Another reason may lie in the
motivations behind many of the studies, which were to carry out a cost-benefit analysis of converting
mangroves to alternative uses, such as shrimp aquaculture or to quantify the cost of overexploiting
mangroves for extractive purposes. We expect that these uses of mangroves are relatively more
prevalent in Southeast Asia than they are in North America or Africa and the Middle East. Evidence of
this may be found in Brander et al. [17], who employ 80 wetland studies comprising 215 observations,
over half of which are concentrated in North America. When examining the distribution of
observations in their study according to type of wetland service, we find that the number of amenity
and recreation observations account for a significantly larger proportion of total observations than in
our study (see Table 4). Accordingly, we may infer that the study location affects the type of
ecosystem service being evaluated [66].
Figure 1. Distribution of observations by continent.

Asia

110

Americas

18

Middle East and Africa

11

Other

10
0

20

40

60

80

100

120

Number of observations

Table 4 presents summary statistics for valuations by type of service. The observations representing
total economic values, and which have been excluded from the analysis, lie in the range of $2,772 to
$80,334 US$ ha−1·yr−1 with a mean of $28,662 US$ ha−1·yr−1 and a median of $3,847 US$ ha−1·yr−1.
This indicates a heavily left-skewed distribution, a characteristic that is also found among per hectare
values distributed according to type of service and method of valuation (see Tables 4 and 5,
respectively). As is evident in Table 4, the highest average service value is forestry ($38,115) followed
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closely by recreation and tourism ($37,927), while the lowest is nutrient retention ($44). However, due
to the highly skewed nature of the data, the medians portray a different picture. Nonuse values have
the highest median by a large margin ($15,212), followed by purification and waste assimilation
services ($5,801) and coastal protection ($3,604). Hence, indirect use and nonuse values have higher
medians than direct use values.
Table 4. Summary statistics for mangrove valuations by type of service (in US$ ha−1·yr−1).
Service
Fisheries
Forestry
Coastal protection
Recreation & tourism
Nutrient retention
Carbon sequestration
Nonuse
Biodiversity
Water and air purification/ waste
assimilation
Traditional uses
Total

Obs.
51
35
29
14
1
7
6
1

Mean
23,613
38,115
3,116
37,927
44
967
17,373
52

Min
10.05
18.00
10.45
1.74
39.89
3.77
-

Max
555,168
1,287,701
8,044
507,368
4,265
50,737
-

Median
627
576
3,604
1,079
211
15,212
-

4

4,748

12.43

7,379

5,801

1
149

114

-

-

-

Values are significantly more diversified when categorized according to method of valuation, as can
be seen in Table 5. The highest average value is given by production functions other than static and
dynamic ($257,905), followed by MP ($31,990) and CVM ($10,691) while the lowest values are
provided by the dynamic PF ($209).
Table 5. Summary statistics for valuation observations by method of valuation (in US$
ha−1·yr−1).
Method
Static PF
Dynamic PF
Other regressions
Market prices
Net factor income
Replacement cost
Contingent valuation
Travel cost
Total

Obs.
2
10
4
62
28
32
10
1
149

Mean
2,975
209
257,905
31,990
1,545
3,390
10,691
8,094

Min
Max
120
5,830
10
1,334
4,377
555,168
2 1,287,701
18
11,341
12
8,044
4
50,737

Median
2,975
53
236,037
768
342
3,889
1,082

Figure 2 and Figure 3 present the valuations based on services and valuation methods, respectively.
The boxes represent values from the 25th to the 75th percentiles, and the line markers in the bars
depict medians. The error bars identify the adjacent values, which are the most extreme values within
1.5 interquartile range (iqr) of the nearer quartile (iqr = 75th quartile − 25th quartile). The y-axis is on
a log scale and outliers that lie outside the error bars have been excluded. In Figure 2, the number of
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excluded observations for the services was: fisheries (3), forestry (4), tourism and recreation (1), and
carbon sequestration (1). In Figure 3, the excluded observations are: dynamic PF (2), MP (6), and
NFI (4). In Figure 2, three services with only one observation have been excluded. They are:
biodiversity, nutrient retention and traditional uses of hunting, fishing and gathering. As Figure 2
shows, there is moderate overlap between values of different services. As was shown in Table 4,
nonuse values have the highest median and are also the most widely dispersed. Purification and waste
assimilation services follow in terms of values while the rest of the services lie in a somewhat
similar range.
Figure 2. Distribution of mangrove valuations by type of service (in US$ ha−1·yr−1).

Figure 3. Distribution of mangrove valuations by method of valuation (in US$ ha−1·yr−1).
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In Figure 3, the distribution of values confirms the information conveyed in Table 4. It is evident
that “other regressions” provide the highest values, while the dynamic PF method gives the lowest
median. However, not all valuation methods are used for all services, which is bound to influence the
way values are distributed across valuation methods. For example, CVM is the only method that
measures nonuse values, while MP and NFI are used when valuing forestry products. In Figure 4, we
plot the distribution of values according to services and valuation method. We chose only those
services for which more than one method was used in valuation, and for which each method has at
least two observations. In this way, comparability between valuation methods becomes more feasible.
The methods used in valuing fisheries are MP, NFI and all types of production functions. Two
methods were used to value coastal protection and stabilization, namely RC and CVM, while both the
MP and RC methods were employed to measure the value of carbon sequestration. Comparing the first
five boxes shows that MP values are slightly higher than those of NFI but do not differ significantly
from static PF methods, though the latter are more dispersed. The dynamic PF gives lower values than
other methods, while other regressions provide higher estimates. Values reported for coastal protection
and stabilization are higher when the RC method is used than CVM. Similarly, the RC method
generates higher values compared with MP in carbon sequestration valuations.
Figure 4. Distribution of mangrove valuations by service and method of valuation
(in US$ ha−1·yr−1).

5. Results and Discussion
The total number of observations estimated in the model is 145. Results of the weighted robust
regression are displayed in Table 6 and labeled as model 1. The coefficients of the area and GDP per
capita, being in logarithmic form, should be interpreted as elasticities. The coefficients of the categorical
variables, on the other hand, show the effects of their respective variables on the dependent
variable [67,68]. The variable representing publication year is removed due to multicollinearity
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problems. Additionally, we examine potential interaction effects of per capita GDP with type of
ecosystem service. We included interaction terms to the model depicting the cross effects of the
different services with GDP per capita (the interaction term of fisheries was excluded due to
multicollinearity problems). The results are displayed in Table 6 as model 2. The number of
observations flagged as gross outliers in models 1 and 2 were 2 and 3 observations, respectively.
Table 6. Estimation results a.
Variable
Marginal value
Static PF
Dynamic PF
Other regressions
NFI
RC
CV
Log (area)
Global
Asia (excl. Thailand)
Middle East & Africa
Americas
Other continent
Protected
Forestry
Recreation
Coastal protection
Carbon sequestration
Nonuse
Water & air quality
Log (GDP)
Forestry_GDP per capita
Recreation_GDP per capita
Coastal protection_GDP per capita
Carbon sequestration_GDP per capita
Nonuse_GDP per capita
Water & air quality _GDP per capita
Constant
No. of observations
Adjusted R2
F

Model 1
−1.066 ** (0.491)
−0.437 (1.019)
1.148 * (0.682)
3.705 *** (0.871)
−0.618 * (0.327)
−0.791 (0.881)
−2.421 (1.944)
−0.0774 (0.056)
0.674 * (0.377)
−0.833 * (0.427)
1.043 (1.008)
−0.581 (0.635)
0.977 (0.896)
0.845 ** (0.37)
−0.455 (0.342)
−0.263 (0.766)
2.059 ** (0.949)
1.342 ** (0.543)
5.809 ** (2.266)
3.027 ** (1.502)
0.866 *** (0.0794)

−0.0787 (0.101)
143
0.6
45.85***

Model 2
−1.274*** (0.4)
−0.328 (0.802)
1.344 ** (0.544)
2.880 *** (0.704)
−0.614 ** (0.264)
3.103 *** (0.819)
4.199 *** (1.532)
−0.018 (0.0463)
−0.278 (0.311)
−0.0462 (0.355)
2.175 *** (0.804)
0.197 (0.533)
0.941 (0.73)
0.520 * (0.304)
0.294 (0.412)
−0.00449 (0.732)
−5.492 *** (1.062)
−3.123 *** (1.064)
6.403 ** (2.533)
7.869 (11.19)
0.792 *** (0.0664)
−9.72 × 10−5 ** (4.06 × 10−5)
−2.07 × 10−5 (2.79 × 10−5)
0.000563 *** (0.00013)
0.000288 *** (8.37 × 10−5)
−0.00119 *** (0.00023)
−0.00204 (0.003)
−0.0881 (0.081)
142
0.7
59.45***

a

Robust standard errors are between parenthesis and the asterisks *,**,*** depict significance at the 10%, 5% and 1% levels,
respectively.

First, we examine the effect of the study characteristics on mangrove valuation and find that both
models provide consistent results with regards to statistically significant coefficients. Compared to the
method of MP, t dynamic and “other” PF, as well as the RC and CVM methods provide higher
estimates, while the NFI method generates lower estimates. However, the estimated coefficients of the
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static and dynamic PF methods should be interpreted with caution since only two studies used each
method. This confirms our initial expectations regarding valuation magnitudes as shown in Figure 5,
with the exception that the CVM produces higher estimates than the RCM and the rest of the methods.
Similarly, Brander et al. [17] find that the CVM provides the highest estimates, while Woodward and
Wui [27] find that the RC method produces higher values than CVM. Finally, marginal values are
lower than average values, suggesting decreasing returns to scale. This is consistent with expectations
in the literature about the relationship between marginal and average values [62]. Even though Brander
et al. [17] find that marginal values are higher, they do conclude that values exhibit decreasing returns
to scale based on area.
As for mangrove characteristics, we find that although the coefficients of area are negative, they are
insignificant. Model 1 shows a positive, significant ‘Global’ coefficient, indicating that having the
product exported or having foreign tourists account for a significant portion of value raises the value
more than average. This effect disappears when the interaction terms are included, indicating that the
Global variable was capturing this interactive income effect. The location variables show that only the
coefficient of the Middle East and Africa is significant and positive, indicating higher values than
average, consistent with the findings of Brander et al. [17]. This result is likely influenced by the
particularly high values reported for Egypt, where the area of mangroves is among the smallest in the
dataset, which are therefore highly valued.
Furthermore, we find the variable depicting protection to be positive and significant. In contrast,
Brander et al. [17] find a negative relation between values and being designated as a RAMSAR site.
However, a positive effect of protection on mangrove values is expected since protection entails higher
productivity, especially with regards to ecological functions such as storm protection and acting as
nursery grounds for fish and shellfish.
Considering the effect of the type of ecosystem service on values, the value of fisheries is included
in the intercept. The ecological services of water and air quality as well as nonuse values are found to
be higher than the value of fisheries, while forestry products and recreation are not significantly
different. However, the models provide significant, but opposing results with regards to coastal
protection and carbon sequestration. Model 1 provides positive estimates while model 2 produces
negative estimates. This can be esplained by the interaction terms in model 2, which show positive and
statistically significant estimates for both these services. This indicates that the positive estimates in
model 1 may have been capturing this income effect. Brander et al. [17] and Ghermandi et al. [29] find
that materials and recreation give lower than average values. Chen [28] and Ghermandi et al. [29] also
find that water quality has higher than average values. The coefficient of GDP per capita is positive
and statistically significant in both models, conforming to the findings of Brander et al. [17],
Ghermandi et al. [29] and Chen [28].
The inclusion of cross effects reveal that service type affects mangrove values not just through the
service itself, but also through its interaction with GDP per capita. The estimated coefficients are
mostly found to be statistically significant. One might expect that ecological functions would be more
valuable in countries with higher GDP per capita and that materials such as fuel wood and charcoal
would be more valued in countries with lower GDP per capita, where such services are often used for
subsistence purposes in villages. The significant coefficients of interaction terms mostly confirm this
since the coefficient of forestry is negative, while those of carbon sequestration and coastal protection
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are positive. However, the unexpected result was that of nonuse interacted with GDP per capita, which
is negative. We attribute this to the high value reported for Egypt, for which GDP per capita is below
the average of countries in our dataset, and for which nonuse value is the highest in the dataset. The
values reported for Egypt, while high, were not recognized as outliers by the procedure through which
outliers were dropped as described in endnote [57].
Both models fit the data well as evidenced by the high adjusted R2. However, the inclusion of the
interaction terms has raised the explanatory power of the model.
Since one objective of meta-regression analysis is to provide a value transfer function for benefit
transfer exercises, we examine two measures of forecast performance [17]. The first is an in-sample
forecast performance measure, namely, the Mean Absolute Percentage Error (MAPE), defined as the
mean of |(yobs − yest)/yobs|. Additionally, as an out-of-sample forecast performance measure, we use a
data-splitting technique whereby n−1 transfer functions are estimated by iteratively omitting one
observation, estimating the model and then applying the resulting estimated parameters to this
observation. Comparing the predicted and observed values reveals how well the model performs
against the data. The results of both measures are displayed in Table 7.
Table 7. The in-sample and out-of-sample Mean Absolute Percentage Error (MAPE) of the
estimated models.
Performance Measure
In-sample MAPE
Transfer MAPE

Model 1
0.402
0.488

Model 2
0.35
0.54

Figure 5. Out-of-sample transfer MAPE while observations are sorted in an ascending
order based on annual per hectare mangrove values.
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The in-sample MAPE shows that model 2 performs relatively better. Brander et al. [17] report a
value of 58% and Chen [28] reports values that range from about 13% to 44%, indicating that our
models perform relatively well. The out-of-sample forecast analysis, however, shows that model 1
performs slightly better. The corresponding values in Brander et al. [17] and Chen [28] are 74% and
42% to 75%, respectively, again indicating that the models presented here perform relatively well.
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Furthermore, the transfer errors lie well within the bounds reported by Brouwer [37], who reviewed
several studies that have attempted value function transfer.
Figure 5 shows the plot of the values of the out-of-sample MAPE while sorting observations in an
ascending order based on annual per hectare mangrove values. There are no significant differences
between forecast performance among the two models. Both models perform considerably worse in
predicting very low mangrove values than higher ones.
5.1. Robustness Checks
As previously mentioned, we estimated an OLS regression with robust standard errors as well as an
unweighted robust regression model, the results of which are reported in the supplementary material.
There are a few differences among the models. The dynamic PF approach is negative and statistically
significant in these models. We attribute this difference to the high concentration of the dynamic PF
method observations in one study [69], which reports relatively low values. When these observations
are given less weight, their effect is reduced and becomes positive. Another difference is that area,
while having a negative coefficient in all models, is found to be statistically significant in the
unweighted models, but insignificant in the weighted models. However, the implication is the same,
namely that mangroves exhibit decreasing returns to scale. The double-log formulation, however,
results in the diminishing effect of area on wetland value as area increases so that the scale effect is
minor for large wetland areas [27]. A similar relationship was found by Ghermandi et al. [29].
Brander et al. [17] and Woodward and Wui [27] find a statistically significant negative relationship as
well and their estimates, −0.11 and −0.168 (−0.286), respectively, are similar to ours.
Finally, even though the weighted regressions have fewer explanatory variables and observations,
their adjusted R squared values are significantly higher than the unweighted models, indicating a better
fit. When comparing the in-sample and out-of sample forecasts, we find that, on average, the
unweighted models have a slightly lower forecast error, especially with regards to the
out-of-sample MAPE. However, this difference is not large and we conclude that the weighted
regressions do reasonably well in providing a benefits transfer function.
6. Conclusions
In this paper, we have provide an overview of the mangrove evaluation literature through a
meta-regression analysis, the first in the wetlands literature that focuses specifically on mangrove
forests. Like wetland studies, the literature on mangrove economic valuation is diverse in terms of
types of ecosystem services, valuation methods, and location and consequently has produced a wide
range of values. To assess how study characteristics and mangrove site characteristics have influenced
economic valuations, we regressed annual per hectare values on different explanatory variables that
encompass characteristics of the studies and the study sites, as well as GDP per capita. Since the data
had several outliers, we also ran a robust regression to account for extreme values and weigh them
accordingly. In addition, we ran a weighted robust regression (weighing studies equally rather than
obesrvations) to allow for possible correlation across observations. Finally, we investigated the cross
effects between service type and GDP per capita since each service may be valued differently based on
the socio-economic conditions of the hosting country.
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According to the weighted robust regressions, we find that employing the CVM and RC methods
results in higher values than other methods of valuation, with the CVM being the highest. Other factors
that have a positive effect are protection of the site and GDP per capita, the latter being a common
finding among previous wetland meta-analyses. In the model without the interaction effects, indirect
use and nonuse values are higher than direct use values, with nonuse values the highest. In this model,
we also find that having a foreign exchange component in the value results in higher valuations.
Including cross effects results in values in the Middle East and Africa being higher than elsewhere,
while coastal protection and carbon sequestration have the lowest values and nonuse values the
highest. Also, the coefficients of the interaction terms show that coastal protection and carbon
sequestration are more highly valued, and nonuse values and forestry are less valued in countries with
higher per capita GDP. The unexpected result of the negative sign of the nonuse cross term is
attributed to the high estimates reported for Egypt, which has a lower than the average GDP per capita
of countries in our dataset. A final result is that mangroves exhibit decreasing returns to scale as
evidenced by the fact that marginal value was found to be lower than average value.
We estimated transfer errors of the models to gauge their performance for the purpose of a benefits
transfer. The result was that there were slight differences between the models since all transfer errors
are between 35% and 54%, a range that is within the lower end of previous estimates in the literature.
A recommendation is that primary studies provide more comprehensive information pertaining to
several aspects. The first is the state of the environmental health of mangrove forests. While some
studies do make this information known, this is not always the case and like any natural resource, the
ecological functioning and economic values of mangrove forests are largely dependent on their
environmental health and soundness. The second is the type of management of the resource such as
fisheries and forestry, which is not always clarified in the original studies. The yields of fisheries and
forests are affected by the form of management [51,64], thereby necessitating the inclusion of pertinent
management information in any evaluation study. Finally, we recommend that if papers evaluate
physically quantifiable goods, like fish or timber, they include the physical quantities of these goods.
This facilitates comparing the productivity of mangrove forests across countries and independently of
the method of valuation.
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