
ORIGINAL PAPER

Ecosystem carbon stocks of mangrove forests
along the Pacific and Caribbean coasts of Honduras

Rupesh K. Bhomia . J. Boone Kauffman .

Tyler N. McFadden

Received: 23 January 2015 / Accepted: 1 February 2016 / Published online: 8 February 2016

� Springer Science+Business Media Dordrecht 2016

Abstract Among the many ecosystem services pro-

vided by mangrove ecosystems, their role in carbon

(C) sequestration and storage is quite high compared

to other tropical forests. Mangrove forests occupy less

than 1 % of tropical forested areas but account for

approximately 3 % of global carbon sequestration by

tropical forests. Yet there remain many areas where

little data on the size and variation of mangrove C

stocks exist. To address this gap and examine the

range of C stocks in mangroves at landscape scales, we

quantified C stocks of Honduran mangroves along the

Pacific and Caribbean coasts and the Bay Islands. We

also examined differences in ecosystem C stocks due

to size and structure of mangrove vegetation found in

Honduras. Ecosystem C stocks ranged from 570 Mg C

ha-1 in the Pacific coast to *1000 Mg C ha-1 in

Caribbean coast and the Bay Islands. Ecosystem C

stocks on the basis of mangrove structure were 1200,

800 and 900 Mg C ha-1, in low, medium and tall

mangroves, respectively. We did not find significant

differences in ecosystem C stocks on the basis of

location (Pacific coast, Caribbean coast and Bay

Islands) or mangrove type (low, medium and tall).

Mangrove soils represented the single largest pool of

total C in these ecosystems, with 87, 81 and 94 % at

the Pacific coast, Caribbean coast and the Bay Islands,

respectively. While there were no significant differ-

ences in total ecosystem stocks among mangrove

types, there were differences in where carbon is stored.

Mangrove soils among low, medium and tall man-

groves contained 99, 93 and 80 % of the total

ecosystem C stocks. In addition, we found a small

yet significant negative correlation between vegeta-

tion C pools and pore water salinity and pH at the

sampled sites. Conversion of mangroves into other

land use types such as aquaculture or agriculture could

result in loses of these soil C reserves due to

mineralization and oxidation. Coupled with their other

ecosystem services, an understanding of the size of

mangrove ecosystem C stocks underscores their

values in the formulation of conservation and climate

change mitigation strategies in Central America.

Keywords Coastal ecosystems � Land use � Shrimp

ponds � Organic soils � Climate change mitigation �
Carbon dynamics � REDD?

Introduction

Coastal wetlands, particularly mangrove forests,

provide a broad array of benefits that span the realm

of regulating, provisioning, cultural and supporting
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ecosystem services (Millennium Ecosystem Assess-

ment 2005). In fiscal terms, mangrove ecosystem

services are estimated to provide 14,000–16,000 USD

ha-1 y-1 (Barbier et al. 2011), totaling 1.6 billion USD

annually for all global mangrove areas combined

(Polidoro et al. 2010). These services emanate from a

wide range of characteristics that are found in

mangroves. Mangrove vegetation assemblages pro-

vide habitats for terrestrial, estuarine and marine

species and function as fish nurseries while supporting

invaluable biodiversity (Nagelkerken et al. 2008;

Luther and Greenberg 2009; MacKenzie and Cormier

2012). It is estimated that mangroves are the source of

10 % of the essential organic C inputs to the global

oceans (Dittmar et al. 2006), which sustain complex

biogeochemical processes and food dynamics within

marine ecosystems. Mangroves also provide protec-

tion to coastal zones from erosion by dissipating tidal

wave energy and functioning as natural barrier against

the force of tropical storms (McIvor et al. 2012a, b;

Sandilyan and Kathiresan 2015).

Mangrove forests cover\1 % of tropical forested

areas but because of high rates of productivity,

sequester an estimated 24 Tg C y-1, which repre-

sents about 3 % of global C sequestration by tropical

forests (Alongi 2012). Mangrove ecosystems have

among the largest C stocks per unit area in the

world, and majority of this C is stored in mangrove

soils (Donato et al. 2011), where anoxic conditions

due to presence of water prevent oxidation and

encourage long-term storage of C. Mangroves’

capacity to capture atmospheric C and store it for

extended periods suggest they could be valuable

ecosystems for inclusion in climate change adapta-

tion and mitigation strategies.

Despite the many ecosystem services mangrove

provide, deforestation and land conversion pressures

on these coastal ecosystems are high because approx-

imately 44 % of global population resides within

150 km of the coastline (Cohen et al. 1997; Duarte

et al. 2008). Approximately 20–35 % of global

mangrove area has been lost since 1980 (FAO 2007).

An immediate effect of such extensive habitat loss is

an elevated risk of extinction for approximately 40 %

of endemic animal species (e.g. Proboscis monkey

Nasalis larvatus, Pygmy three-toed sloth Bradypus

pygmaeus) that are found exclusively in mangrove

habitats (Luther and Greenberg 2009). The most

common pressure that mangrove ecosystems

experience is conversion into other land-use regimes

such as aquaculture, agriculture and urban develop-

ment (Valiela et al. 2001; Spalding et al. 2010).

Mangrove deforestation also results in release of

greenhouse gases, which may be as high as 1–9 % of

global emissions arising from tropical deforestation

(Donato et al. 2011). If remained unchecked, ongoing

decline in global mangrove areas will lead to loss in

ecosystem functionality over the next 100 years

(Polidoro et al. 2010), causing negative environmental

and economic consequences, with the most severe

impacts occurring in the developing countries where

significant proportions of mangroves exist. Recent

studies revealing the massive amounts of C storage in

mangroves (Donato et al. 2012) have brought the role

of mangroves in climate change mitigation and

adaptation programs into sharper focus and high-

lighted the urgent need to stall global mangrove

decline (IPCC 2014; UNEP 2014). Quantification of

mangrove C stocks is necessary for their inclusion in

nationally appropriate climate change mitigation

activities (NAMAs) such as Reduced Emissions from

deforestation and degradation (REDD?) (Murdiyarso

et al. 2012).

The focus of our study was to quantify C stocks in

the mangroves across the country of Honduras

encompassing a wide range of varying tidal, climatic,

and geomorphic conditions. We examined differences

in C storage in different locations/regions and the wide

array of geomorphic settings resulting in varying

mangrove structure and composition. This includes

sites from the Caribbean and Pacific coasts on the

Honduran mainland as well as the three Bay Islands

located in the Caribbean. The mangrove stands at

these locations were categorized as low, medium and

tall based on the estimated height of mangrove trees.

We hypothesized that variability in total C stocks from

one location to another will be a function of above-

ground structure, climate and soil properties (salinity,

pH, etc.).

Materials and methods

Study area

In 2013, we sampled 18 coastal sites along the Pacific

and Caribbean coasts and the three Bay Islands of

Honduras (Fig. 1). Honduras was an ideal location to
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examine the differences in mangrove C stocks due to

differing oceanic influences (Atlantic vs. Pacific),

variable geomorphic settings (coastal vs. island), and a

range of tidal and climatic conditions. The spatial

expanse of sampling sites also allowed quantification

and comparison of mangrove C stocks in three types of

mangrove vegetation: (a) Tall mangroves with a mean

height[10 m (7 sites); (b) Medium mangroves with a

mean height ranging from 3 to 10 m (8 sites); and c)

Low mangroves with a mean height\3 m (3 sites;

Table 1). The sampling sites were in the Gulf of

Fonseca on the Pacific coast, Los Micos Lagoon in the

Jeannette Kawas National Park, Tela on the Caribbean

coast, and three Bay Islands (Roatán, Guanaja and

Utila) located north of mainland Honduras within the

Caribbean Sea. In this article, these three locations are

identified as the Pacific coast, the Caribbean coast and

the Bay Islands, respectively.

The Pacific coast has a tropical wet and dry climate

with a distinct dry season from November through

April. The Gulf of Fonseca is a large bay on the Pacific

coasts of Honduras, El Salvador and Nicaragua.

Annual precipitation in Gulf of Fonseca ranges from

1500 to 2000 mm and mean annual air temperature is

about 30 �C (Vergne et al. 1993). The region contains

a diverse variety of coastal ecosystems, including

mangroves, marshes, mudflats, and lagoons. Approx-

imately 70,000 ha of the Honduran Gulf of Fonseca

was designated as a Ramsar Wetland of International

Importance in 1999.1 Total mangrove area within the

Gulf of Fonseca was estimated at 47,800 ha in 1999

(Rivera-Monroy et al. 2002) however this region has

experienced widespread conversion of mangroves into

aquaculture (shrimp) farms. During 1985–2013,

approximately 5800 ha of mangrove forests were lost

to aquaculture development (Dewalt et al. 1996; Chen

et al. 2013).

The 753 km Caribbean coast of northern Honduras

stretches from the border with Guatemala in the west

to the border with Nicaragua in the east and also

encompasses a number of offshore islands systems—

the Bay Islands. The mangroves in the northern coast

of Honduras are located around coastal lagoons and

riverine deltas. Our sampling sites were located

around Los Micos Lagoon, Jeannette Kawas National

Park, where predominantly tall dense mangroves were

found. The Caribbean coast and the Bay islands have a

tropical wet climate with consistently high tempera-

tures and humidity, and rainfall fairly evenly dis-

tributed throughout the year. Monthly mean air

temperatures around Tela ranges from daily highs of

28–32 �C to daily lows of 20–24 �C and annual

rainfall range is about 2800–3000 mm.

Fig. 1 Mangrove sampling

locations in Honduras along

Pacific coast, Caribbean

coast and the three Bay

Islands. (Image source:

Google Earth �2014)

1 http://www.ramsar.org/wetland/honduras.
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The Bay Islands—Roatán, Guanaja, and Utila lie

30–50 km north of the Caribbean coast of Honduras.

Roatán is the largest island (133 km2) and contains

approximately 400 ha of mangrove forests on the

eastern extension of the island. Guanaja is smaller

(57 km2) with approximately 300 ha of mangrove

forests prior to 1998 when Hurricane Mitch impacted

this island (McKee et al. 2007). Mangroves on

Table 1 Characteristics of sampling locations within Honduras (mean ± SE of the mean)

Location Site Forest

type

Latitude

longitude

pH Salinity

(ppt)

Soil

depth

(cm)a

Dominant

species

Basal area

(m2 ha-1)

Tree density

(live trees

ha-1)

Pacific Coast Chismuyo Tall N 13�25.6550 7 ± 0.2 22.3 ± 0.7 [270 Rhiz 11.5 ± 3.3 1856 ± 572

W 87�36.6910

Isla de Pajaros Medium N 13�22.0110 6.6 ± 0.2 33 ± 0.8 182 Rhiz/Lag 3.8 ± 0.7 689 ± 93

W 87�28.2310

San Bernardo Tall N 13�05.8680 7.5 ± 0.1 87 ± 1.8 [200 Avi 4.8 ± 1.7 3573 ± 1307

W 87�11.0170

San Lorenzo Medium N 13�22.0570 6.8 ± 0.1 36.5 ± 1.5 120 Rhiz 3.3 ± 0.7 2274 ± 1008

W 87�28.5380

Caribbean

Coast

El Canalito Tall N 15�52.4520 6.9 ± 0 3.3 ± 0.5 [270 Lag/Rhiz 23.8 ± 6.7 520 ± 111

W 87�38.4400

El Marion Tall N 15�47.1230 7 ± 0.1 – [270 Lag 17.7 ± 4.4 1104 ± 228

W 87�35.7430

La Diamente Medium N 15�53.4750 6.4 ± 0.2 6.3 ± 2.5 200 Rhiz/Lag/

Avi

22.2 ± 2.6 1072 ± 154

W 87�38.0070

Laguna

Quemada

Tall N 15�49.3310 5.8 ± 0.1 2.2 ± 1 240 Rhiz/Lag 48.6 ± 7.9 476 ± 83

W 87�34.6810

Manglon Tall N 15�49.3350 5.5 ± 0.1 0.3 ± 0.3 235 Rhiz/Lag 32.9 ± 4.5 498 ± 72

W 87�35.7100

Bay Islands Milton Bight Medium N 16�24.2540 7.7 ± 0.2 22.5 ± 3.9 160 Rhiz 9 ± 2.7 1321 ± 175

W 86�23.9290

Politily Tall N 16�24.0780 8.1 ± 0 31.2 ± 0.3 [270 Rhiz 20.5 ± 2.7 574 ± 61

W 86�23.915
West End Medium N 16�25.1010 7.2 ± 0.2 27.3 ± 1 178 Rhiz 9.6 ± 2.3 1082 ± 263

W 85�56.6390

The Bight Low N 16�27.2860 7.3 ± 0 39.3 ± 0.7 [270 Rhiz 1.4 ± 0.3 1857 ± 393

W 85�51.7880

Big Bight Low N 16�05.3120 8.4 ± 0 30 ± 0 [270 Rhiz 7 ± 3.4 44,299 ± 17,217

W 86�53.3110

Iron Bound Medium N 16�07.1520 7.2 ± 0 41.8 ± 1.3 148 Avi 13.3 ± 1.5 1029 ± 166

W 86�54.0920

Western Path Medium N 16�05.8990 8.4 ± 0.1 31.3 ± 0.3 260 Avi 5.6 ± 1.8 3049 ± 1088

W 86�54.5320

Oyster Bed Low N 16�05.5590 7.5 ± 0.1 33.3 ± 1.3 [270 Rhiz 10.7 ± 1.7 28,914 ± 1081

W 86�54.8520

Turtle harbor Medium N 16�06.6020 7.9 ± 0.2 39.8 ± 0.5 140 Rhiz 4.1 ± 1.4 574 ± 146

W 86�56.5050

Estimated height for tall mangroves was[10 m (7 sites), medium mangroves 3–10 m (8 sites), and low mangroves\3 m (3 sites).

Dashes (–) indicates absence of data

Rhiz = Rhizophora mangle, Lag = Laguncularia racemosa, Avi = Avicennia germinans
a Soil depth measured using a 270 cm long depth probe. Data shown here from sub-plot 3, approximate midway of the sampling

transect
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Guanaja were severely damaged by storm surges,

flooding and high velocity winds that accompanied

Hurricane Mitch. However impacts were relatively

limited in the other two Bay islands and Caribbean and

Pacific coast mangroves (Cahoon and Hensel 2002).

The smallest of the three Bay Islands is the island of

Utlia, which has mangroves along its northern coast-

line, interior areas and a few fragmented patches on

the southern side along two lagoons (Jaxion-Harm

et al. 2012). Air temperatures in the Bay Islands range

from daily highs of 28–32 �C in the summer season to

daily lows of 19–23 �C in winter season. Annual

rainfall is about 2200–2500 mm. The tidal range was

greater in the Pacific [1.8–2.3 m] than the Caribbean

coast [0.35–0.5 m] (Harborne et al. 2001; Cahoon and

Hensel 2002).

Field sampling

Within each of the 18 sampled mangroves, we

measured total ecosystem C stocks following

methodologies outlined by Kauffman and Donato

(2012). At each sampled site, six 7 m radius sub-

plots were established 20 m apart along a 100 m

transect in a perpendicular direction from the

mangrove-ocean interface. At each sub-plot, we

collected data necessary to calculate total C stocks

derived from standing tree biomass, downed woody

debris (dead wood on forest floor), belowground

vegetation mass, and soils.

We determined vegetation mass and plant C pools

through measurement of main stem diameter of the

trees inside each of the six circular sub-plots at each

sampling site. Trees[5 cm in diameter at 1.3 m in

height (diameter at breast height, dbh) were measured

inside the 7 m radius sub-plot, while trees\5 cm dbh

were measured in a 2 m radius nested plot within the

larger 7 m radius sub-plot. Main stem diameters of

trees with prop roots (Rhizophora spp.) were measured

at 30 cm above the highest prop root. Dead trees were

categorized into specific classes (I, II and III)

depending on decay status of the tree (Kauffman and

Donato 2012). Class I dead trees were recently dead

tree with majority of primary and secondary branches

still intact, while class III dead tree contained only the

main trunk with all of its branches lost. Class II

category was assigned to a dead tree which showed

presence of primary branches attached to the main

trunk.

Downed wood debris were measured using the

planar intercept technique (Brown 1974; Kauffman

et al. 1995). In each of the 6 sub-plots at each site, we

established 4 transects to determine the mass of

downed wood. Downed wood C7.6 cm in diameter at

the point of intersection was classified as ‘large’ and

measured along the entire length of a 12 m long

transect. Large wood debris were separated in two

decay categories: sound and rotten. Wood debris that

were C2.5 cm but\7.6 cm in diameter at the point of

intersection were measured along the last 5 m of the

transect. We did not measure wood debris smaller than

2.5 cm diameter as the total C contribution from this

pool is relatively minimal. The understory or litter

mass in mangroves is generally negligible (Snedaker

and Lahmann 1988; Kauffman et al. 2011) and was not

collected during this study.

At each sub-plot, soil samples were collected using

anopen facedpeat auger consistingof a semi-cylindrical

chamber with 22.95 cm2 cross sectional area. The soil

core was divided into five sections with depth intervals

of 0–15, 15–30, 30–50, 50–100 and[100 cm. A

relatively uniform 5 cm section of soil from these depth

intervals was collected and brought to the laboratory for

further analysis. Soil depth to parent material (marine

sediments or rock) was measured at three locations

around each sub-plot center by inserting a graduated

aluminum pole. At sites where parent material was not

encountered after inserting full length of the depth probe

(270 cm), depth was recorded as[270 cm. The pore

water which filled the cavity in the ground after removal

of soil core was used for determining interstitial salinity

and pH of mangrove soils. A portable handheld refrac-

tometer (VEE GEE STX-3, range 0–100 parts per

thousand) and pH meter (Milwaukee Instruments, Inc,

pH56, pH—Temperature meter) was used for measure-

ments in the field.

Ecosystem carbon stocks

The total ecosystemC stocks was defined as the sum of

total organic C in vegetation, downed woody debris

and soils to the bottom of the mangrove peat or

270 cm.

Vegetation and downed wood carbon stocks

We computed aboveground tree biomass using species

specific allometric equations developed in French
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New Guinea by Fromard et al. (1998). Belowground

tree mass was calculated by using a general allometric

equation developed for mangroves by Komiyama et al.

(2008). Species specific wood density (g cm-3) was

obtained from the wood density database (Zanne et al.

2009) for belowground biomass calculations. We used

0.776 g cm-3 forAvicennia germinans, 0.600 g cm-3

for Laguncularia racemosa (Little and Wadsworth

1964) and 0.840 g cm-3 for Rhizophora mangle and

Rhizophora racemosa (Malavassi 1992). The biomass

of dead trees was calculated based upon its decay

class. Biomass of status I dead trees was estimated to

be 97.5 % of a live tree, status II was estimated to be

80 % of a live tree, and status III trees were estimated

to represent 50 % of a live tree (Kauffman and Donato

2012). We converted dry biomass of trees, understory,

and downed wood to C mass using biomass to carbon

conversion ratios. Tree C was calculated by multiply-

ing biomass by a factor of 0.47 for aboveground and

0.39 for belowground biomass (Kauffman and Donato

2012).

We used the specific gravity of downed wood as a

measure of wood density for different wood classes

based on Caribbean mangroves from Yucatan, Mexico

as reported by Adame et al. (2013). For our calcula-

tions we used 0.68 ± 0.03 and 0.72 ± 0.03 g cm-3

respectively for sound medium and large wood debris

and 0.47 ± 0.03 g cm-3 for rotten large wood debris

(Adame et al. 2013). Biomass calculations were

carried out following the equations and biomass to

total C conversion factor (0.50) as suggested in

Kauffman and Donato (2012).

Soil carbon stocks

Each 5 cm of soil sample from various depth classes

had a constant volume (114.74 cm3) and was dried to a

constant weight at 60 �C using an oven in the lab. Dry

sample weight was used to determine soil bulk density.

Dry soil samples were ground using mortar and pestle

after removing any large wood pieces or root

fragments. Total C and nitrogen concentrations were

then determined using a Thermo Flash EA 1112 series

NC Soil Analyzer.

The geomorphic setting, higher pH, proximity of

coral reefs and apparent shell fragments in the samples

from the Bay Islands prompted us to test a subset of

soil samples from three Bay Islands for presence of

carbonates. Given the geomorphic settings and appar-

ent fluvial and allochthonous origin of the soils for the

Pacific and Caribbean coastal site as well as their low

pH, and apparent absence of marine fragments this

was not necessary at these sites. Inorganic C was

absent in the surface 30 cm of the Bay Island

mangrove soils but a considerable amount was

detected in lower soil depths (up to 7 % of the total

carbon in soils below 100 cm depth; Appendix

Table 4). Mean inorganic C (%) was subtracted from

the soil C concentration (%) to report only organic C in

mangrove soils from Bay Islands. We subtracted 2.9,

3.5 and 7.4 % of the total soil C (%) for 30–50, 50–100

and[100 cm depth interval soil samples.

Soil C pools were obtained as the product of soil

carbon concentration, bulk density, and plot specific

soil depth measurements. Carbon mass from each soil

section were added up to determine total C stocks at

each sampling location. We used 270 cm as the

maximum soil depth for calculating soil C stocks at

sites where mangrove soils were deeper than the depth

limit of our probe (270 cm).

Statistics

Differences in basal area, tree density and ecosystem C

stocks among different locations (Pacific coast, Carib-

bean coast and Bay Islands) and mangrove types (low,

medium and tall) were separately tested with one-way

analysis of variation (ANOVA). In the first case

mangrove type was the fixed effect while in second case,

location was the fixed effect, while sampling site (nested

in ‘mangrove type’ or ‘location’) and sub-plot (nested in

site) were the random effects of the model. Data

normality was assessed by Kolmogorov–Smirnov or

Shapiro–Wilk tests. Tukey’s honestly significant differ-

ence (HSD) procedure was performed to identify signif-

icantly different means where ANOVA results were

significant. Correlation between soil pore water salinity

and pH and vegetation C stocks was determined and

significance was tested by a Durbin–Watson test. Also,

correlation between mangrove soil bulk density and C

concentration was determined using samples across all

sites and all depth horizons. All statistical analyses were

performed using STATGRAPHICS Centurion (XVI

version). Data in this article are reported as mean ± SE,

else noted otherwise.
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Results

Structural composition of mangrove forests

The most common mangrove species that we encoun-

tered were Rhizophora mangle L. (Rhizophoraceae),

Avicennia germinans (L.) Stearn (Avicenniaceae) and

Laguncularia racemosa (L.) Gaertn (Combretaceae)

(Table 1). The Pacific coast sites were dominated by

medium and tall mangroves, while Caribbean coast had

predominantly tall mangroves. The Bay Islands mainly

hadmedium and lowmangroves.Mean basal area for tall

mangrove (22.8 ± 5.4 m2 ha-1) was significantly

higher than small (4.1 ± 1.6 m2 ha-1) and medium

mangroves (9.1 ± 2.1 m2 ha-1 F2, 15 = 5.06, p =

0.020; Fig. 2). Basal area of Caribbean mangroves was

significantly higher (29.1 ± 5.5 m2 ha-1) than the

Pacific coast (5.8 ± 1.9 m2 ha-1) and Bay Island

mangroves (8.5 ± 1.8 m2 ha-1; F2, 15 = 14.3,

p = 0.000; Fig. 2). The highest basal area was found

at tall mangrove– Laguna Quemada (48.6 m2 ha-1)

located on the Caribbean coast while the lowest basal

area was observed at medium mangrove—San Lorenzo

(3.3 m2 ha-1) located on the Pacific coast (Table 1).

Mangrove tree densities at Bay Islands’ sites were close

to the high range of distribution encountered inHonduras

however no significant difference was found in tree

densities among mangrove types (F2, 15 = 1.7,

p = 0.214) or three sampling locations (F2, 15 = 1.07,

p = 0.368; Fig. 2). Mangrove tree density ranged from

500 trees ha-1 in a tall mangrove site, Laguna Quemada

on Caribbean coast to[40,000 trees ha-1 in a low

mangrove site, Big Bight in Bay Islands. Tree densities

in tall, medium and low mangroves ranged from 480 to

3570, 690–3050, and 1860–44,300 trees ha-1, respec-

tively (Table 1).

Vegetation carbon stocks

Mean total vegetation C stocks (including above-

ground and belowground pools) from the Pacific coast,

Caribbean coast and Bay Islands were 71 ± 36,

196 ± 54 and 53 ± 16 Mg C ha-1, respectively

(Table 2). The aboveground vegetation C pools at

Caribbean coast (147 ± 43 Mg C ha-1) were signif-

icantly higher than the aboveground vegetation C

pools at Bay Islands (36 ± 12 Mg C ha-1; F2,15 =

5.5, p = 0.015). The fraction of total ecosystem C

Fig. 2 Basal area (m2 ha-1)

and tree density (tree ha-1)

differences between

mangrove forest type (low,

medium and tall) and

location (Pacific coast,

Caribbean coast and Bay

Islands). Basal area was

significantly higher in tall

mangroves (a) and in the

Caribbean coast mangroves

(b). Tree density was not

significantly different

among different mangrove

types or locations (c and
d) (Tukey’s HSD; p\ 0.05)
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stocks contributed by vegetation at Pacific coast,

Caribbean coast and Bay Islands was 12, 19 and 5 %,

respectively (Table 2). In terms of mangrove types,

the fractions of total ecosystem C stock contributed by

vegetation was 1, 7 and 19 % for low, medium and tall

mangroves, respectively (Table 2).

At the Pacific coast, two tall mangrove sites

(Chismuyo and San Bernardo) showed large differ-

ences in total vegetation C (Chismuyo = 178 Mg C

ha-1 and San Bernardo = 52 Mg C ha-1; Appendix

Table 5). Mangrove stand at Chismuyo were domi-

nated by Rhizophora mangle whereas San Bernando

had a dominance of Avicennia germinans. Interstitial

salinity at San Bernando was 87 ppt whereas the

salinity at Chismuyo mangroves was 22 ppt. We found

a significant negative correlation between vegetation

biomass and pH (Pearson correlation coefficient,

R = -0.53, Durbin–Watson statistic = 1.05;

p = 0.00) and soil water salinity (R = -0.49, Dur-

bin–Watson statistic = 0.92; p = 0.00). Low salinity

indicates influx of fresh water from rivers, which could

explain higher vegetation C stocks observed at

Caribbean coast mangroves. Among Caribbean man-

groves, one site—El Marion did not have high

vegetation C stocks (77 Mg C ha-1; Appendix

Table 5). The El Marion mangrove site was at the

mouth of a small river where active deposition of silt

and sediments was observed and the mangrove stand

appeared to be composed of relatively smaller and

young trees.

The widest range in biomass and structure of

mangroves was observed in the Bay Islands. Vegeta-

tion biomass had a 50-fold range from 163 Mg C ha-1

at a tall mangrove site (Politily) to 3.7 Mg C ha-1 at a

low mangrove site (The Bight). Contribution of

vegetation to the total ecosystem C stocks was highest

at a tall mangrove site—Laguna Quemada (30 %) and

lowest at a low mangrove site—The Bight (0.4 %)

[See Appendix Table 5 for individual sites].

Downed wood carbon stocks

The overall contribution of downed wood to the

mangrove ecosystem C stocks was minimal, ranging

from about 0.5 % in Bay Islands to about 1 % in

Pacific coast and Caribbean coast mangroves

(Table 2). Similarly, downed wood C stocks con-

tributed less than 1 % of total ecosystem C stocks in

the low, medium and tall mangroves, with greatest

proportion in the tall mangroves. The mean C stocks

ranged from 3 ± 1 Mg C ha-1 in low mangroves to

9 ± 1 Mg C ha-1 in tall mangroves (Table 2; See

Appendix Table 5 for individual sites). There was

considerable variation in C in the form of downed

wood across sampling sites and mangrove types.

Across all sites, large sound and large rotten wood

constituted 37 and 34 % of the downed wood C stocks

respectively, while medium woody debris comprised

29 % of this pool.

Mangrove soils

Mean depths of the mangrove soils ranged from 120

to[270 cm (Table 1). Depth of soils varied across

mangrove types (tall, medium and low) and location of

sampling sites, however there was no apparent relation

Table 2 Carbon stocks in the measured ecosystem compartments from three different type of mangroves and from three locations in

Honduras

Mangroves Number

of sites

Carbon stocks in various ecosystem compartments (Mg C ha-1) Fraction of total ecosystem C (%)

Tree Downed

wood

Soil

(0–100 cm

depth)

Soil

(below

100 cm)

Total ecosystem

(tree ? downed

wood ? soil)

Trees Downed

wood

Soils

Type

Low 3 15 ± 6 3 ± 1 537 ± 87 667 ± 119 1222 ± 210 1.2 0.2 98.5

Medium 8 54 ± 12 4 ± 1 411 ± 45 352 ± 91 798 ± 138 6.7 0.5 92.8

Tall 7 179 ± 41 9 ± 1 322 ± 44 427 ± 93 933 ± 159 19.2 1.0 79.8

Location

Pacific coast 4 70 ± 37 5 ± 2 258 ± 46 242 ± 64 570 ± 128 12.3 0.9 86.8

Caribbean coast 5 196 ± 54 9 ± 2 381 ± 53 481 ± 126 1060 ± 193 18.5 0.8 80.8

Bay Islands 9 52 ± 16 5 ± 1 468 ± 44 492 ± 89 1000 ± 129 5.2 0.5 94.3
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between aboveground mangrove stature and soil

depth. Soil depths along Pacific coast mangroves

ranged from 120 to[270 cm, while soil depths at the

Caribbean coast mangroves ranged from 200

to[270 cm. Soil depths across the Bay Islands sites

ranged from 140 cm to[270 cm. The pH ranged from

6.0 to 8.7 while salinity ranged from 0 to 94 ppt across

all sampled sites.

Bulk density of mangrove soils were higher in the

Pacific coast in comparison to the Caribbean coast and

Bay Islands except for two locations (El Marion and

West end; Table 3). El Marion mangroves were

located at the mouth of a small river and the soils

predominantly consisted of heavy textured silt depos-

ited by the river whereas high soil bulk density at West

end on the island of Guanaja could be due to erosion

and coastal sedimentation from the impacts of Hurri-

cane Mitch. A significant and strong negative corre-

lation between mangrove soil bulk density and C

concentration in soils was observed when soil samples

collected from all sites and all depth horizons

(n = 518) were included in the analysis (regression

coefficient, r2 = -0.82, p = 0.00; Fig. 3). By fitting a

logarithmic model, 82.6 % of the variability in soil

C % could be explained by bulk density (p = 0.00).

Soils with higher bulk density and low C % were

predominantly from Pacific coast and two sites from

the Bay Islands (El Marion and Westend).

Table 3 Mangrove soil bulk density (g cm-3) along soil profile from all sampling locations in Honduras

Location Site name Forest type Bulk density for soil section depth (g cm-3)

0–15 cm 15–30 cm 30–50 cm 50–100 cm [100 cm

Pacific Coast Chismuyo Tall 0.74 ± 0.07 0.65 ± 0.08 0.64 ± 0.05 0.64 ± 0.08 0.54 ± 0.06

Isla de Pajaros Medium 1.06 ± 0.06 1.02 ± 0.11 0.92 ± 0.13 0.77 ± 0.1 0.85 ± 0.19

San Bernardo Tall 0.83 ± 0.04 0.84 ± 0.06 0.75 ± 0.05 0.68 ± 0.01 0.71 ± 0.04

San Lorenzo Medium 0.57 ± 0.09 0.62 ± 0.12 0.55 ± 0.1 0.54 ± 0.04 0.77 ± 0.09

Caribbean Coast El Canalito Tall 0.08 ± 0.01 0.09 ± 0.01 0.11 ± 0.01 0.1 ± 0 0.14 ± 0.01

El Marion Tall 0.5 ± 0.14 0.45 ± 0.12 0.86 ± 0.17 1.09 ± 0.07 1.19 ± 0.04

La Diamante Medium 0.11 ± 0.01 0.13 ± 0.01 0.15 ± 0.02 0.14 ± 0.01 0.2 ± 0.02

Laguna Quemada Tall 0.11 ± 0.01 0.11 ± 0.01 0.09 ± 0.01 0.1 ± 0.01 0.09 ± 0.01

Manglon Tall 0.1 ± 0.01 0.1 ± 0.01 0.1 ± 0.01 0.19 ± 0.04 0.32 ± 0.14

Bay Islands Milton bight Medium 0.16 ± 0.01 0.12 ± 0.01 0.29 ± 0.08 0.7 ± 0.1 1.08 ± 0.03

Politically Tall 0.39 ± 0.02 0.4 ± 0.02 0.39 ± 0.03 0.38 ± 0.02 0.78 ± 0.04

West end Medium 0.43 ± 0.08 0.88 ± 0.07 1.11 ± 0.07 1.4 ± 0.11 0.94 ± 0.13

The Bight Low 0.22 ± 0.01 0.21 ± 0.01 0.2 ± 0.01 0.2 ± 0.01 0.2 ± 0.01

Big bight Low 0.18 ± 0.01 0.19 ± 0.01 0.2 ± 0.02 0.18 ± 0.02 0.21 ± 0.01

Iron bound Medium 0.18 ± 0.01 0.22 ± 0 0.22 ± 0.02 0.3 ± 0.03 0.41 ± 0.06

Western path Medium 0.21 ± 0.01 0.2 ± 0.01 0.2 ± 0.01 0.19 ± 0.01 0.21 ± 0.01

Oyster bed Low 0.2 ± 0.01 0.21 ± 0.01 0.19 ± 0.01 0.19 ± 0.01 0.18 ± 0.01

Turtle harbor Medium 0.16 ± 0.01 0.18 ± 0.02 0.17 ± 0.03 0.21 ± 0.03 0.65 ± 0.04

Fig. 3 Relationship between bulk density (g cm-3) and soil

carbon concentration (%) in mangrove soils. Samples from all

sampling sites and soil horizons were used for this analysis.

Outer gray lines indicate model prediction limits
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There were no statistical differences in mangrove

soil C stocks among various locations (Pacific coast,

Caribbean coast and Bay Islands) and among man-

grove types (low, medium and tall). The fraction of

total ecosystem C stock contributed by soils at Pacific

coast, Caribbean coast and Bay Islands were 87, 81

and 94 %, respectively while those from low, medium

and tall mangrove soils were 99, 93, and 80 %,

respectively (Table 2). A marked variation in soil C

pools was observed across the sites. Lowest C stocks

were found at San Bernardo (tall mangrove,

347 ± 17 Mg C ha-1) on the Pacific coast, and

highest stocks were observed at Oyster Bed (low

mangrove, 1600 ± 45 Mg C ha-1) in the Bay Islands.

Soil C contribution to ecosystem C stocks was lowest

at a Caribbean coast site—Laguna Quemada (tall

mangrove, 69 %) and highest at a Bay Island site—

The Bight (low mangrove, 99.5 %).

Total ecosystem carbon stocks

Aboveground mangrove structure was not a good

indicator of ecosystem carbon stock, and no differ-

ences in total ecosystem C stocks were observed

between low, medium and tall mangroves (p = 0.31;

Fig. 4). Similarly, location did not seem to have an

effect on the total ecosystem carbon stocks, since no

difference was observed between the Pacific coast,

Caribbean coast and Bay Island mangroves (p = 0.14;

Fig. 4).

The mean ecosystem C stocks among low, medium

and tall mangroves were 1222, 798 and 933 Mg C

ha-1, respectively (Table 2). The mean total ecosys-

tem C stock of the Pacific coast, Caribbean coast and

Bay Islands mangroves were 570, 1060 and 1000 Mg

C ha-1, respectively (Table 2). Across all sampled

mangrove sites in Honduras, mangrove C stocks

ranged from 306 Mg C ha-1 at El Marion (tall

mangrove) in the Caribbean coast to 1632 Mg C

ha-1 at Oyster Bed (lowmangrove) in the Bay Islands.

Discussion and conclusions

Vegetation biomass, mangrove soils

and ecosystem carbon pools

We measured a large range and variability in the

aboveground forest structure and biomass in the

Honduran mangrove ecosystems. Mangrove tree den-

sities from Honduran sites fell within the range

reported from the Neotropics (Adame et al. 2013;

Kauffman et al. 2014). Mangroves in the Dominican

Republic had tall and medium tree densities of 900

and[40,000 ha-1, respectively (Kauffman et al.

2014). Tree density in the Yucatan region of Mexico

were *3000 to 7000 trees ha-1 for tall mangroves

and *9000 to 11,000 trees ha-1 for medium man-

groves (Adame et al. 2013). The variability in

mangrove tree density and structure represents differ-

ences in the characteristics of sampled locations such

as geomorphic settings, rainfall, tides and the avail-

ability of fresh water and nutrients (Odum et al. 1982;

Krauss et al. 2008).

In Honduras, the mangrove site where vegetation

had the highest proportion of total ecosystem C

(Laguna Quemada; 30 %) was associated with a fresh

water source (river) and with low soil pore water

salinity. The significant negative correlation between

mangrove vegetation C and salinity indicated the

Fig. 4 Total ecosystem

carbon stocks of mangrove

forest type (low, medium

and tall) and location

(Pacific coast, Caribbean

coast and Bay Islands).

Carbon stocks were not

different among mangrove

forest types (a; p = 0.32)

and locations (b; p = 0.14;

Tukey’s HSD; p\ 0.05)
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positive role of fresh water in mangrove growth and

stature. Low fresh water inputs resulting in higher soil

salinity and/or accumulation of toxic substances (e.g.

hydrogen sulfide; McKee et al. 1988) results in

increased stress and lower productivity (Twilley and

Day 1999). This association of the high plant biomass

in tall mangroves with a higher occurrence of fresh

water was also observed for Mexican mangroves by

Adame et al. (2013). This suggested that high man-

grove C stocks were attributed to fresh water and soil

nutrient (specifically phosphorus) availability. Man-

grove productivity has also been linked to availability

of fresh water and essential nutrients in mangroves

elsewhere (Twilley and Day 1999). The low biomass

C (\4 % of total ecosystem C stocks) in the mangrove

vegetation of Bay Islands could therefore be indicative

of limited availability of terrigenous nutrients and

fresh water.

The pH and salinity measurements obtained during

our sampling represents only a single time point in the

series of diurnal and seasonal fluctuations that these

mangroves experience due to changing tides, rainfall

and availability of dissolved ions. A robust analysis to

explore relationships between environmental vari-

ables and mangrove C stocks will be possible when

more information on the annual variability of pH and

pore water salinity at these mangrove sites is available.

However, this relationship is likely real, as the

temporal variability in pH and salinity is likely lower

than the spatial variability that we measured across the

Honduran mangroves. The vegetation biomass of the

mangroves in Bay islands was low but deeper soil

depths and high concentration of C in the soil horizons

resulted in relatively large ecosystem C stocks. Low

aboveground biomass of Bay Island mangroves could

also be a consequence of higher incidences of tropical

storms (or hurricanes), which can cause tree mortality

and reduction in the number of mature trees (Twilley

and Day 1999). Although the mean ecosystem C

stocks in mangrove stands of Caribbean coast

(1060 Mg C ha-1) were similar to those sampled at

the Bay Islands (1000 Mg C ha-1), contribution of

vegetation biomass C was much higher in the

Caribbean coast (19 %) in comparison to the Bay

Islands (5 %).

Mangrove soils were the largest repository of C

stocks in Honduran mangroves as also seen in

mangroves found elsewhere (Donato et al. 2011;

Kauffman et al. 2011; Alongi 2012; Donato et al.

2012; Ajonina et al. 2014; Kauffman et al. 2014; Tue

et al. 2014). Mangrove forests are known to have high

C burial rates, and a recent analysis of burial rates from

different mangrove systems suggested a global mean

value of 163 g Cm-2 y-1 (Breithaupt et al. 2012). The

prevailing anoxic conditions in saturated mangrove

environments offer long-term preservation to buried C

against oxidation resulting in high C concentrations in

mangrove soils. With increasing C content in the soils

its bulk density decreases in a non-linear fashion.

Specifically, we found low bulk density and high C

content in the mangrove soils from Caribbean coast

sites while higher bulk density and low C density in

sampled mangrove soils in the Pacific coast of

Honduras (Fig. 3). Although soil bulk density is an

important factor for estimating the C density and the C

pool in mangrove soils, only a few studies simultane-

ously provide this information. The relationship

between C content and bulk density that we obtained

may offer a practical, cost effective solution to

quantify C in mangrove soils where high laboratory

costs or unavailability of analytical equipment pre-

sents a major challenge in mangrove C stock deter-

mination. At regional scales this relationship is

apparently strong (r2 = 0.83). However, more

research on mangrove soils from different locations

and geomorphic settings is needed to determine if a

robust relationship can be applied across a variety of

mangrove ecosystems at global scales.

The total ecosystem C stocks among different types

of mangroves (low, medium and tall) in Honduras

were not significantly different. This is in contrast to

mangrove C stock measurements from Mexico where

tall mangroves had highest total C (987 Mg C ha-1;

Adame et al. 2013) and Dominican Republic where

higher total C was found in medium mangroves

(1131 Mg C ha-1; Kauffman et al. 2014). This

variation in relationship between total C stocks and

mangrove stature is a result of relatively higher

proportion of C stored in mangrove soils, which

causes the sites with deeper organic C rich soils to

have greater ecosystem C stocks regardless of the

mangrove vegetation size. In Honduras, low and

medium mangroves had deep and C dense soils which

made their C stocks comparable to tall mangroves,

hence we did not find differences in ecosystem C

stocks based on the mangrove types.

The broad range of total ecosystem C stocks of

Honduras (570–1060 Mg C ha-1) reflects the broad
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array of sites and different geomorphic settings

sampled in this study. These ranges were comparable

to the variation in C stocks reported from this region,

such as from Yucatan, Mexico (381–987 Mg C ha-1;

Adame et al. 2013) and fromMonte Cristi, Dominican

Republic (741–1131 Mg C ha-1; Kauffman et al.

2014). Pacific coast mangroves (570 Mg C ha-1) were

lower while Caribbean coast mangroves (1060 Mg C

ha-1) and Bay Islands mangroves (1000 Mg C ha-1)

were similar to the average global mangrove C stock

(956 Mg C ha-1; Alongi 2012). Although not signif-

icantly different, the variation in C stocks among

Pacific coast and the Caribbean coast and Bay Islands

can be attributed to varying geomorphic, edaphic and

climatic factors. The Pacific coast has a relatively dry

climate in comparison to the Caribbean coast and Bay

Islands; and the mangroves in Gulf of Fonseca were

established in inter-distributary dendritic tidal chan-

nels formed by the sediment deposits from two major

rivers—the Choluteca and Negro Rivers. Pacific coast

soils appeared to have a higher mineral content

because of higher bulk densities which resulted in

low total ecosystem C (570 Mg C ha-1). Higher

rainfall and the availability of fresh water due to

proximity of rivers in the Caribbean coast mangroves

possibly enhanced vegetative productivity. Signifi-

cantly higher basal areas of Caribbean mangroves

(Fig. 2) indicated large trees and larger vegetation C

pools in comparison to the lower plant C pools in the

Pacific coast mangroves. Higher total ecosystem C

stocks in the Bay Island mangroves (400–1630 Mg C

ha-1) was mainly due to large soil C stocks, while

aboveground C pools (vegetation and dead wood

debris) were relatively smaller, this again could be

related to lower availability of fresh water and

available nutrients in the Bay Islands.

Mangroves carbon stocks and risks due to climate

change

Coastal ecosystems and mangroves in particular are

critical to the resilience and vitality of many coastal

social-ecological systems (UNEP 2014). In the long-

term, the goods and services (e.g., carbon storage,

increased fisheries production, or water purification)

provided by mangrove forests are likely to be more

valuable than low-term gains from unsustainable

agriculture or aquaculture systems, even without

including their coastal protection services (Feagin

et al. 2010). The C sequestered in mangroves and salt

marshes, either in the form of plant biomass or as

organic soils, can be derived from local production

(autochthonous) or laterally imported from other

sources (allochthonous), depending on tidal range,

wave action and physiography of a location (Middel-

burg et al. 1997; Bouillon et al. 2003). The large

amount of C stored in the mangroves of Honduras

(570–1060 Mg C ha-1) reflects the outcomes of such

processes. These C stocks are extremely vulnerable to

loss by human induced disturbances such as defor-

estation and land conversion, sea level rise, or

disruption in quantity and timing of fresh water

availability. Furthermore, these ecosystems are prone

to impacts from natural phenomena such as hurricanes

or severe droughts which could result in the loss of

stored C.

Globally, mangrove deforestation has occurred at a

rate of 1–2 % per year, but losses of as much as

30–50 % have already been reported (Donato et al.

2011). The largest immediate threat is conversion to

aquaculture which may have contributed up to 52 % of

global mangrove loss (Valiela et al. 2001). The

existing 36,000 ha of mangroves in the Pacific coast

of Honduras are currently threatened by conversion

into shrimp aquaculture. With[500 Mg C ha-1, any

loss of mangrove forests, either by land use change or

effects due to global climate change, will result in

increased emissions of greenhouse gases to the

atmosphere. In addition to land conversion pressure,

the mangroves in the Caribbean coast and the Bay

Islands are vulnerable to climate change impacts such

as sea level rise, increased salinity and increased

severity of tropical storms and surges. These increases

in disturbance and stress-related processes could

challenge the integrity of coastal vegetation commu-

nities and compromise their C storage function. Given

the large quantity of C stocks in the Caribbean coast

and Bay Island mangroves ([1000 Mg C ha-1),

concerted efforts in conservation planning and man-

grove area management are needed to prevent con-

version and destruction of mangrove forests and

minimize the loss of C to the atmosphere.

The quantification of the large C stocks of Hon-

duran mangroves is valuable for the process of policy

formulation with regards to mangrove conservation

and restoration of abandoned and degraded coastal

sites. Mangrove ecosystems are increasingly recog-

nized as important for inclusion in climate change
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mitigation and adaptation strategies due to their high C

storage, C sequestration rates, and vulnerability to

human induced disturbances. Carbon payment pro-

grams such as REDD? (Murdiyarso et al. 2012) can

provide necessary incentives and resources needed to

conserve these areas and maintain C stocks while

providing other ecosystem values that mangroves

provide to local communities.
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Appendix

See Tables 4 and 5.

Table 4 The total and

inorganic Carbon (%) in the

mangrove soils from select

Bay Island sites, Honduras

(Avg. ± SE)

Soil depth

(cm)

Number of samples Total C (%) Inorganic C (%)

0–15 7 26.1 ± 3.3 0 ± 0

15–30 7 28.9 ± 2 0 ± 0

30–50 3 18.3 ± 5.4 2.9 ± 1.6

50–100 9 22.7 ± 3.4 3.5 ± 1.2

[100 12 18.5 ± 2.7 7.4 ± 2.1

Table 5 Carbon stocks in the measured ecosystem compartments from all sampling locations in Honduras (Avg. ± SE)

Location/

site

Type Carbon stocks in various ecosystem compartments Fraction of total

ecosystem C

Tree Downed

wood

Soil

(0–100 cm

depth)

Soil

(below 100 cm

depth)

Total ecosystem

(tree ? downed

wood ? soil)

Trees Downed

wood

Soils

Pacific coast Mg C ha-1 %

Chismuyo Tall 178.3 ± 27.6 8.2 ± 1.5 336.3 ± 27.8 428.9 ± 52.2 951.6 ± 65.4 18.7 0.9 80.4

Isla de Pajaros Medium 22.4 ± 4.7 4 ± 0.7 295.9 ± 47.9 144.1 ± 28.6 441.9 ± 69 5.3 0.9 94.1

San Bernardo Tall 52.2 ± 19.3 8.3 ± 1.1 125 ± 12.3 222 ± 21.9 408 ± 29.2 12.8 2.0 85.0

San Lorenzo Medium 27.6 ± 5.3 1.5 276.5 ± 11.7 173.4 ± 67 478.4 ± 59.4 6.1 0.3 94.0

Mean 70.8 – 36.4 5.5 – 1.7 258.4 – 46.2 242.1 – 64.3 570 – 128 12.4 1.0 86.8

Caribbean coast

El Canalito Tall 149 ± 41.2 15.4 ± 1.5 404.5 ± 13.7 842.3 ± 87.7 1410.4 ± 69.1 10.6 1.1 88.4

El Marion Tall 77.4 ± 23.2 16.9 ± 4 190.7 ± 56.6 58.7 ± 14.8 306.3 ± 57.7 25.3 5.5 71.8

La Diamente Medium 116.1 ± 16.1 2.6 ± 0.2 514.5 ± 37.9 548.3 ± 43.6 1180.9 ± 63.1 9.8 0.2 90.0

Laguna quemada Tall 372.2 ± 65.7 8.7 ± 1.7 413.4 ± 34.9 432.3 ± 49.1 1226.2 ± 65.3 30.4 0.7 69.0

Manglon Tall 263.7 ± 43.3 8.8 ± 1.2 381.9 ± 19.5 523.2 ± 59.9 1174.4 ± 71.6 22.5 0.7 77.1

Mean 195.7 – 54.0 10.5 – 2.6 381 – 53 481 – 126 1060 – 193 18.5 1.0 80.8
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