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A B S T R A C T   

Mangrove ecosystems are particularly important for small island developing states of the Pacific, such as Fiji, 
which are at the forefront of the impacts of climate change. This is because of the ability of mangroves to mitigate 
storm surges and floods as well as their high carbon sequestration and storage capacity. However, there are few 
detailed studies on the spatial variation in mangrove structure and carbon stocks in Fiji, and this information is 
essential to support decision making by government and communities, enabling the development of effective 
mitigation and adaptation responses. We assessed mangrove forest structure in contrasting regions around Fiji’s 
largest island, Viti Levu, within sites managed by indigenous (iTaukei) Fijians. Mangroves of the Ba, Nadroga- 
Navosa, and Rewa and Tailevu regions showed high variance in both structural complexity and ecosystem 
carbon stocks. Levels of variation were similar to that observed globally due to variable geomorphological and 
biophysical settings related to orographic rainfall, freshwater influx, tidal amplitude and cyclonic disturbances. 
High biomass, structurally complex forests occur on the wetter south-east coast (e.g. the Rewa Delta), while 
structurally uniform scrub mangroves dominate large areas of mangroves along the north-west (e.g. the Ba Delta) 
and west coast (e.g. the Tuva Delta). Mangroves of the Ba region displayed considerable damage from tropical 
cyclones, particularly in taller vegetation. All mangrove sites assessed were important reservoirs of carbon, with 
results when scaled to the spatial extent of mangroves in Fiji revealing that ecosystem carbon storage is 
disproportionate to area and equates to 73.3% of the carbon held within terrestrial rainforests, despite occupying 
just 7.3% of the total area. This underscores the importance of mangroves as valuable carbon sinks in Fiji and the 
need to develop incentives for improved conservation and restoration.   

1. Introduction 

Mangrove ecosystems provide a range of important ecosystem ser-
vices which benefit hundreds of millions of people around the world 
(Lau, 2013; Mohammed, 2012). Their carbon sequestration functions 
provide services that mitigate CO2 emissions, while their coastal pro-
tection services support adaption to the impacts of climate change 
(Duarte et al. 2013, Marois and Mitsch, 2015; Sasmito et al. 2016; 
Alongi, 2008). Their roles in climate change mitigation and adaptation 
are particularly important for small island developing states (SIDS) of 
the Indo-Pacific, such as Fiji, which are vulnerable to sea-level rise and 
the impacts of tropical cyclones (Nunn and Mimura, 1997; Olsthoorn 

et al. 2002; Krauss and Osland, 2019). However, there are few detailed 
analyses of variation in mangrove cover, structure and carbon stocks in 
small island states, yet these are fundamental for estimating the extent 
and degree of ecosystem services provided (Kauffman et al. 2011; 
Donato et al. 2012). For instance, many SIDS such as Tuvalu are very low 
lying in contrast to the volcanic main islands of Fiji which are much 
larger, higher and exhibit well developed river systems supporting 
extensive deltaic mangrove ecosystems. The degree to which mangroves 
can attenuate storm surge is largely dependent on configuration and 
width (McIvor et al. 2012; Hochard et al. 2019), with coastal fringing 
mangroves on lower lying islands providing more limited mitigation 
ecosystem services than the deltaic systems of higher islands. 
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Developing a comprehensive understanding of mangrove cover, struc-
ture and carbon stocks is therefore vital to support inclusion of man-
groves within processes that contribute to national climate change 
adaptation and mitigation. This includes incorporating mangroves 
within greenhouse gas inventories (Hiraishi et al. 2014; Murdiyarso 
et al., 2015), carbon offset markets (Needleman et al. 2019), and plan-
ning for climate change adaptation (Payton and Weaver, 2011; Pramova 
et al. 2012). 

The carbon capture and storage ability of mangrove ecosystems 
around the world varies considerably as a function of geomorphic set-
tings and biophysical variables (Rovai et al. 2018). For instance, more 
productive, high carbon density mangroves generally occur in deltaic 
systems (Donato et al. 2011; Rovai et al. 2018) which have extensive 
riverine and hinterland areas typically traversed by a mosaic of rivers 
and streams (Woodroffe, 1992). Such systems generally have greater 
biomass and exhibit deeper soils containing more carbon than coastal 
fringing or oceanic coral atoll sites (Donato et al. 2011; Cameron et al. 
2018). Mangrove carbon stocks also vary with tidal inundation gradients 
which influences species composition and productivity (Hayes et al. 
2017), while greater freshwater influx from streams, rivers and direct 
precipitation can lower salinity levels and stimulate higher productivity 
(Alongi, 2014). Additionally, natural disturbance regimes within 
mangrove ecosystems can reduce carbon stocks (Kauffman et al. 2011) 
and alter community structure. In this regard, Fiji is particularly prone 
to the impacts of frequent tropical cyclones (TCs) with the archipelago 
being struck in recent years by TC Gene (January 2008), TC Mick 
(December 2009), TC Evan (December 2012), TC Winston (February 
2016) -a Category 5 event and the most intense in the Southern Hemi-
sphere on record (APDRC n.d) – and most recently TC Harold (April 
2020). The conversion of mangroves for tourism development, coastal 
reclamation, industrial estates, squatter housing, agriculture and con-
struction of sugarcane tram lines, as well as disposal of dredging spoil 
and harvesting for both fuelwood and construction materials are all 
recognised anthropogenic drivers of mangrove loss in Fiji (MoE, 2018) 
which also affects carbon storage and sequestration. Understanding 
community structure, carbon stocks and the factors influencing vari-
ability in both across the range of mangrove habitats comprising a 
country’s mangrove estate, therefore, is vital for informing land-use 

decision making. 
In this regard, Fiji initially developed a two-phased Mangrove 

Management Plan (Watling, 1985) which was superseded by phase three 
under the Mangrove Ecosystems for Climate Change Adaptation and 
Livelihoods Project (MESCAL Project, 2013). Outputs from the MESCAL 
Project included a preliminary assessment of ecosystem carbon stocks in 
the Rewa Delta, although the management aspects of the plan are yet to 
be formally implemented. Lal (1990) assessed the extent of historical 
loss of mangroves in Fiji which was driven principally through conver-
sion to sugarcane plantations, while Gonzalez et al. (2015) provided a 
valuation of Fiji’s marine ecosystems which included an assessment of 
the ecosystem service values from carbon sequestration and storage in 
mangroves. Mangroves are now included within the Environmental 
Management Plan (2005) and Protected Species Act (2002) and have 
recently been included as priority habitats for conservation and resto-
ration under Fiji’s Low Emission Development Strategy 2018–2050 
(MoE, 2018).There are no studies however, that have comprehensively 
assessed the structural variability and ecosystem carbon stocks of Fiji’s 
mangrove ecosystems. The current study addresses this knowledge gap 
with the primary objective of assessing community structure and 
ecosystem carbon stocks (biomass and soil) of selected mangrove eco-
systems in Viti Levu across a range of geomorphic settings. We antici-
pated, similar to findings in other locations, that forest structure and 
carbon stocks would be highest in deltaic systems compared to those on 
coral reef flats, and that higher rates of precipitation, freshwater influx 
and tidal amplitude were key factors driving the formation of more 
structurally complex forest of higher biomass. We also expected signif-
icant changes in both carbon stocks and the allocation of biomass in 
mangrove forests affected by tropical cyclones. 

This study represents the most comprehensive assessment of Fijian 
mangrove ecosystems yet undertaken and is relevant to resource users at 
the community level, landowners, land managers, and policy makers. 
The results help inform governance and decision-making on the man-
agement of mangrove ecosystems, particularly in considering the 
important role they have in climate change mitigation and adaptation. 
Research presented here also builds on and complements related studies 
of mangrove coverage, land-use change, and drivers of land-use change 
in Fijian mangrove ecosystems (Cameron et al. 2020). 

Fig. 1. Field assessment locations around the largest island of Viti Levu in relation to the Fijian archipelago. Mangrove extent is shaded purple (Global Mangrove 
Watch, 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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2. Materials and methods 

2.1. Study locations and site descriptions 

This study focused on mangrove ecosystems in three contrasting 
regions of Viti Levu, Fiji’s largest island at 10, 388 km2, to capture data 
on spatial variability in forest structure and carbon stocks. Study sites 
were located in the Ba Province, Nadroga-Navosa Province, and in the 
Rewa Delta, which spans the Rewa and Tailevu Provinces, each of which 
encompass a range of geomorphic settings (Fig. 1). Fieldwork was un-
dertaken in July 2019, with 12 sites assessed from within the three 
locations. 

In Fiji, the high volcanic spine of the two main islands of Viti Levu 
and Vanua Levu intercepts prevailing south-easterly trade winds 
resulting in orographic rainfall on the windward side of eastern islands. 
This causes much higher rainfall in south-eastern areas of up to 3000 
mm per year, contrasting starkly with coastal regions of the western side 
of the islands which receive an average annual rainfall of 1800 mm 
(Keppel and Tuiwawa, 2007). As a result, most areas of the south-eastern 
islands are cloaked in moist tropical forests while the leeward, dry 
western areas are characterised by grassland (a legacy of original forest 
clearance maintained by grazing and burning), small remnants of 
tropical dry forest and production forestry (Chave et al. 2005; Keppel 
and Tuiwawa, 2007). 

In addition to sites being distributed across a rainfall gradient, sites 
also encompassed broad geomorphic and biophysical classifications 
following the framework developed by Lugo and Snedaker (1974) and 
subsequently refined by others (Cintron et al. 1980; Thom, 1984; 
Woodroffe, 1992). Classifications used in this study are: 1) tall riverine 
and coastal margin forest occupying the coastal fringe and riparian 
zones; 2) tall deltaic hinterland forest of river deltas which extend from 
coastal margin ecotones through to the landward extent of mangroves; 
3) scrub (2–4 m in height) interior mangroves which were typically 
monocultures of Rhizophora spp. occurring inland away from river and 
coastal margins of deltaic systems; and 4) over-wash mangroves found 
on an offshore island forming part of an imbricated barrier reef complex. 

The Ba, Tuva and Rewa deltas are each composed of a number of 
mangrove forest assemblages which have differing structural charac-
teristics, carbon stocks and spatial extent. In order to provide an esti-
mate of total ecosystem carbon stocks for these deltas, we extrapolated 
results from individual sites comprising deltaic mangroves to the spatial 
extent of each delta using a weighted, proportional scaling using the 
spatial delineation conducted by Cameron et al. (2020) on Google Earth 
Pro (2019). Supplementary Information 1 provides a tabulated 
description of sites aligned to geomorphic units. 

2.1.1. Ba 
The Ba region encompasses 13,066 ha of mangroves, of which 5540 

ha occur within the Ba Delta (Cameron et al. 2020), Fiji’s second largest 
contiguous mangrove ecosystem which incurred damage by tropical 
cyclone (TC) Evan in 2012. The Ba Delta was delineated into two distinct 
Rhizophora spp. dominated mangrove assemblages; taller vegetation 
generally located around river and coastal margins (Ba 1TC damage), and 
scrub or dwarf mangroves (Ba 2Scrub) which occur in interior regions of 
the delta. Ba 1TC damage exhibits Rhizophora spp. trees upwards of 20 m in 
height and covers approximately 1, 530 ha (28.8%) of the delta, with the 
remainder (approximately 3791.2 ha, or 72.2%), aside from significant 
areas of mud flats and salt pans, largely composed of scrub Rhizophora 
spp. mangroves with a canopy height between 2 and 4 m (Ba 2Scrub). 

Yanuca Island is a low lying, 110-ha island that forms part of an 
imbricated-barrier reef complex approximately 5 km offshore from the 
Ba Delta. This island, an important area for the harvesting of mud crab 
(Scylla serrata) by locals from nearby villages, is almost entirely tidally 
inundated apart from a narrow stretch of terrestrial land abutting the 
southern coast line. Mangroves are almost exclusively composed of 
Rhizophora spp., aside from a few Bruguiera gymnorrhiza along the 

terrestrial isthmus. Yanuca was damaged by TC Evan (2012) resulting in 
the complete destruction of a 17-ha area of taller Rhizophora spp. forest 
(Ba 4Island TC damage), with the remainder of the island (Ba 3Island intact) 
largely unaffected. The remaining 7526 ha of mangroves in the Ba 
province are mostly concentrated in smaller river deltas and coastal 
margins near the townships of Nadi, Lautoka, and Tavua. 

2.1.2. Nadroga-Navosa 
Mangrove coverage in the Nadroga-Navosa corridor is estimated at 

2599 ha (Cameron et al. 2020), with the largest area of contiguous 
mangroves occurring in the Tuva Delta (1229 ha). The Tuva Delta was 
categorised into three distinct mangrove assemblages: Bruguiera gym-
norrhiza dominated interior forest covering 300.2 ha (24.4%) associated 
with areas of lower salinity diluted through freshwater influx and up-
welling (Tuva 7Hinterland); an extensive zone of Rhizophora spp. domi-
nated forest comprising the majority of the delta (Tuva 9River margins, 
697.7 ha or 56.8%); and significant patches of scrub mangroves in basin 
areas (Tuva 8Scrub, 231.2 ha, 18.8%). Field surveys were also carried out 
within an interior forest further north of the delta near Nokorokula 
Village (Wai District), which has tall mangroves of both intact and 
cyclone damaged Rhizophora spp. (Tuva 5Tall intact and Tuva 6Tall TC 

damage respectively). 

2.1.3. Rewa and Tailevu 
The Rewa Delta encompasses approximately 7110 ha of mangrove 

forest (Cameron et al. 2020) representing ~65% of all mangroves in the 
Rewa (3491 ha) and Tailevu (7515 ha) provinces where it is located. 
Most of mangrove forest (6512.5 ha, 91.6%) within the Rewa Delta is 
composed of hinterland mangroves dominated by Bruguiera gymnorrhiza 
(Rewa 11Hinterland), with a narrow coastal fringing belt of Rhizophora 
spp. (Rewa 10Coastal margin) occupying the remainder (597.2 ha, 8.4%). A 
number of communities reside within the delta, with extractive user 
rights of the ecosystem shared between villages and management 
oversight provided by the State (Conservation International, 2018). The 
remaining mangrove estate in Rewa and Tailevu is predominately 
coastal fringing forest distributed across the southern and south-eastern 
shorelines, with forests such as Rewa 12Coastal forest typically composed of 
a wide zone of tall, open Bruguiera gymnorrhiza forest with a narrower 
seaward fringe of Rhizophora spp. 

2.2. Field sampling and data analysis 

2.2.1. Tree biomass and structural characteristics 
Field assessments were conducted following a protocol for the 

measurement, monitoring and reporting of structure, biomass and car-
bon stocks in mangrove forests (Kauffman and Donato, 2012). The 
protocol specifies the use of transects tailored to suit site specific con-
ditions which generally cover coastal fringe areas through to the forest 
interior and landward margins in order to capture differences in zonal 
assemblages associated with variation in tidal inundation. Within each 
transect, up to 6 plots of 7 m radius (154 m2) were established at ~50-m 
intervals in which species and diameter at breast height (DBH, measured 
at 1.3 m above the ground) for all trees was measured. For scrub man-
groves, diameter was recorded at 30 cm above the ground with tree 
height also recorded. For Rhizophora species which typically exhibit 
numerous branching prop roots above 1.3 m in height, we measured 
DBH at 30 cm above the largest prop root. 

The status of trees within each plot was also recorded and cat-
egorised as either alive (Status 1), dead Status 2 (defoliated but most 
limbs remain), dead Status 3 (snapped trunk or most tree limbs lost, 
height also recorded), or harvested Status 4 (measurements of diameter 
taken at stump height). Nested sub-plots with a 2 m radius were estab-
lished at the centre of each plot to record seedling and sapling density. 
Due to the paucity of leaf litter at all study sites we did not collect data 
on this parameter. Eighty-four vegetation plots were conducted in total. 
Allometric equations were used to estimate above and below ground 
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biomass using both species specific equations (where available) and 
common (mangrove generic) equations. A list of the allometric equa-
tions used and sites in which species were recorded is available in the 
Supplementary materials (Supplementary Information 3). 

The carbon content of biomass was calculated by multiplying by a 
factor of 0.464 for aboveground biomass and 0.39 for belowground 
biomass following Kauffman and Donato (2012). 

Key stand attributes of mangrove forests (height, basal area, tree 
density, and species diversity) were combined in an index of structural 
complexity (CI) following Holdridge and Grenke (1971) and calculated 
as: 

CI =
(H × BA × D × N)

105̂
(1)  

where H is the estimated height of the tallest trees within a site, BA is 
basal area, D is stem density (no. stems ha− 1), and N is the number of 
individual species recorded, and dividing by 10̂5 simply reduces the end 
figure to a more manageable unit. 

2.2.2. Dead and downed woody debris 
The mass of dead and downed wood debris (DDWD) was calculated 

through a modified version of the planar line intercept technique (Van 
Wagner, 1968; Brown, 1971) adapted for mangroves (Kauffman and 
Donato, 2012). Emanating from the centre of each plot, four 14 m 
transects were established offset from each other by 90◦. Along the 
length of each transect, any downed, dead woody material (fallen and 
detached twigs, branches, prop roots, or tree stems) intercepting the 
transect was recorded with fragments classified into one of 5 categories; 
fine (<0.6 cm), small (0.6–2.5 cm), medium (>2.5–7.5 cm), large solid 
(>7.5 cm) or large rotten (>7.5 cm). The lengths of large pieces were 
also estimated. Fine and small pieces were recorded for the first 7 m of 
the transect only, and large and medium pieces throughout the entire 
length. Large woody debris was considered rotten if visual signs of decay 
were apparent (e.g. it fell apart when moved). Wood volume (m3 ha− 1) 
for fine, small, and medium size classes was derived using quadratic 
mean diameter equations as described in Kauffman and Donato (2012). 
Specific gravity (mass) of all DDWD size classes was assigned following 
Tue et al. (2014) to convert debris volume to mass per unit area. The 
volume of dead and downed were scaled to Mg C ha− 1 and converted to 
carbon by multiplying by a factor of 0.464 (Kauffman and Donato, 
2012). 

2.2.3. Soil carbon and nitrogen stocks 
Soil cores to a depth of 1.5 m were extracted near the centre of each 

plot using an open faced, semi–circular tapered auger. Individual cores 
were divided into depth increments and up to 6 soil samples taken from 
near the middle of each increment. Samples were air dried in the field 
before analysis of carbon and nitrogen concentrations using an 
elemental analyser (LECO TruMac) was conducted at the Common-
wealth Science and Industry Research Organisation, Adelaide, Australia. 
Soil samples of a known volume were passed through a 2 mm sieve to 
remove coarse elements (e.g. stones and root fragments), with the fine 
earth fraction remaining used to determine bulk density (BD). Organic 
soil carbon stock (Mg C ha− 1) was calculated as: 

SOC =
∑n

1
BDi × %Ci × Hi × 0.1 (2)  

where SOC is the soil organic carbon mass to a fixed depth (Mg C ha− 1); 
n is the total number of layers sampled; BDi is the density of a specific 
layer (g cm− 3); %Ci is the carbon concentration of the layer (mg C g− 1); 
and Hi is the depth of the profile layer (cm). The same approach was used 
to determine nitrogen stock (Mg N ha− 1). 

2.3. Ecosystem carbon stocks 

Ecosystem carbon stocks in each site were summarised using the 
following equations as adapted from Nam et al. (2016): 

ECplot=
∑

(Ctree  +  Croot+  Cddwd  +  Csoil) (3)  

ECsite=
∑ECplot

Nplots
(4)  

where ECplot is the sum of all carbon pools per plot and ECsite is the 
average ecosystem carbon stock per site calculated by summing all 
ECplot and dividing by the number of plots (Nplot) sampled per site. 

2.3.1. Statistical analysis 
Data were reported as the mean ± the standard error. We applied 

both a Kolmogorov–Smirnov and Shapiro–Wilk test of normality before 
performing logarithmic data transformation. Data were arranged based 
on site means (number of vegetation plots = 84, number of soil samples 
= 257), with a two-way Analysis of Variance (ANOVA) used to compare 
variables (community structure, biomass and soils) between (a) indi-
vidual sites and (b) sites aligned to geomorphic setting and mangrove 
zonation. A post–hoc Tukey honestly significant difference procedure 
was applied to identify sources of significant differences where ANOVA 
results showed such. The significance threshold (p) was set at .05 for all 
tests. 

3. Results 

There were significant differences between structural attributes 
(DBH, basal area, stem density, and CI, Table 1 and Supplementary In-
formation 2), carbon stocks (biomass and soils, Table 2), and soil pa-
rameters (Table 3) among sites and geomorphic classifications. The 
ecosystem carbon stocks of sites (Fig. 2) and structural composition 
within the Ba, Tuva, and Rewa deltas differed with high variability as a 
function of spatial extent and mangrove forest composition. 

Table 1 
Comparison of key structural attributes between sites. Percent contribution of 
dominant species in parenthesis.  

Site ID Species dominance 
(%) 

Canopy 
height 
(meters) 

Index of Structural 
Complexity (rank) 

Ba 
Ba 1TC damage R. sty (83.7); R. sam 

(15.1) 
15–20 19.7 (8) 

Ba 2Scrub R. sel (100) 2–4 0.7 (12) 
Ba 3Island intact R. sty (99); B. gym (1) 5–10 15.9 (9) 
Ba 4Island TC 

damage 

R. sty (100) 15–20 1.8 (11) 

Nadroga-Navosa 
Tuva 5Tall 

intact 

R. sel (62.2); R. sty 
(34.4) 

15–20 37.7 (5) 

Tuva 6Tall TC 

damage 

R. sty (65.6); R. sel 
(34.4) 

15–20 14.3 (10) 

Tuva 
7Hinterland 

B. gym (76.2); R. sty 
(18) 

15–25 210.6 (1) 

Tuva 8Scrub R. sam (48.2); R. sty 
(30.1); R. sel (19.3) 

4–6 24.2 (7) 

Tuva 9River 

margins 

R. sel (47.7); B. gym 
(29.3); R. sty (16.3) 

10–15 35.8 (6) 

Rewa and Tailevu 
Rewa 10Coastal 

margin 

R. sty (64.1); B. gym 
(34.2) 

10–15 115.2 (3) 

Rewa 
11Hinterland 

B. gym (76.5); E. aga 
(9.4); R. sty (7.5) 

15–25 91.3 (4) 

Rewa 12Coastal 

forest 

B. gym (90.4); R. sty 
(6.9) 

15–25 184.4 (2)  
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3.1. Forest structure and biomass 

Structurally complex sites such as Rewa 11Hinterland, Rewa 12Coastal 

forest and Tuva 7Hinterland had the highest average DBH and basal area and 
lower tree stem densities, characteristics that correlate with higher 
overall biomass (Fig. 3a). In contrast, the scrub mangroves of Ba 2scrub 
and Tuva 8Scrub have lower average DBH, basal area, CI and higher stem 
density congruent with lower overall biomass (Fig. 3b). The scrub 
mangroves of Ba 2Scrub (8.2 ± 0.7 Mg C ha− 1) covered over two thirds of 
the Ba Delta and had the lowest average DBH (3 ± 0 cm), basal area (3.6 
± 0.2 m2 ha− 1), tree biomass (4.5 ± 0.3 Mg C ha− 1), and CI score (0.7) of 
any site assessed. Additionally, fine woody debris comprised almost half 
of total biomass recorded at this site. The hinterland, less saline site at 
Tuva (Tuva 7Hinterland was the most structural complex of all forests 
assessed (CI = 210.6) with some of the largest Bruguiera gymnorrhiza 
trees measured (DBH >70 cm). 

3.2. Soils 

Soil parameters showed wide variation between sites and did not 
correspond with variation in aboveground carbon stocks (Table 3). The 

highest carbon and nitrogen stocks were typically found in deltaic hin-
terland (Rewa 11Hinterland 473.5 ± 47.5 Mg C ha− 1, Tuva 7Hinterland 
486.6 ± 37.7 Mg C ha− 1) and riverine/coastal margin forests (e.g. Ba 1TC 

damage, 490.3 ± 43.3 Mg C ha− 1) while the lowest stocks were found on 
the over-wash mangrove forests of Yanuca Island (Ba 3Island intact and Ba 
4Island TC damage) with 83.9 ± 10.8 and 92.4 ± 0.0 Mg C ha− 1 respectively, 
representing 17.1% and 18.9% of total carbon stocks. 

Soil carbon and nitrogen stocks were highly correlated (R2 = 0.79, 
Supplementary Information 5), and the concentration of carbon showed 
a strong inverse relationship to BD (R2 = 0.77, Supplementary Infor-
mation 6). The shallow soils of the coral atoll forests Ba 3Island intact and 
4Island TC damage (max depths of 44 and 55 cm respectively) exhibited 
higher overall percentages of carbon and much lower BD than other sites 
and also contained considerable fractions of inorganic carbon (e.g. coral 
rubble and shells). Soil samples from Rewa 12Coastal forest also contained 
a considerable fraction of inorganic carbon (coral rubble and shells), 
reflective of shallower soils (92 cm depth) and its geomorphic position 
overlaying calcareous limestone bedrock. 

Table 2 
Summation of carbon stocks (Mg C ha− 1, mean ± standard error) of sites assessed in this study. N/M = not measured, DDWD = dead and downed woody debris.  

Location Ba Nadroga-Navosa Rewa and Tailevu 

Site Ba 1TC 

damage 

Ba 
2Scrub 

Ba 
3Island 

intact 

Ba 4Island 

TC damage 

Tuva 
5Tall 

intact 

Tuva 6Tall 

TC damage 

Tuva 
7Hinterland 

Tuva 
8Scrub 

Tuva 
9River 

margins 

Rewa 
10Coastal 

margin 

Rewa 
11Hinterland 

Rewa 
12Coastal 

forest 

No. plots 
surveyed 

9 6 4 3 3 3 6 7 10 7 14 12 

Live tree 
biomass 

27.5 ±
10.2 

4.5 ±
0.3 

32.0 ± 8 0 183.1 ±
9.8 

59.0 ±
30.6 

197.2 ±
47 

26.2 ±
12.9 

100.7 ±
17.5 

154.2 ±
17.5 

231.7 ±
28.7 

180.1 ±
33.5 

Dead tree 
biomass 

29.7 ±
6 

0 7.2 ±
4.8 

23.8 ±
2.9 

0.6 ±
0.3 

10.3 ±
2.4 

12.2 ± 9.7 0 0 8.9 ± 5.3 0 0 

DDWD 145.3 
± 10.7 

3.7 ±
0.4 

9.7 ±
1.7 

173.1 ±
10.7 

89.6 ±
18.3 

221.3 ±
23.8 

70.3 ±
16.4 

N/M N/M 32.5 ± 3.4 67.6 ± 7.8 57.5 ±
17.9 

Total biomass 202.4 
± 27 

8.2 ±
0.7 

48.9 ±
14.4 

196.8 ±
26.9 

273.3 ±
28.3 

290.7 ±
56.8 

279.7 ±
73.1 

26.2 ±
12.9 

100.7 ±
17.5 

195.7 ±
25.9 

299.3 ±
36.6 

237.6 ±
51.4 

Soil carbon 490.3 
± 43.3 

451.9 
± 49.5 

83.9 ±
10.8 

92.4 ±
0.0 

304.4 ±
0.0 

362.1 ±
0.0 

486.6 ±
37.7 

481.1 
± 0.0 

439.9 ±
85.3 

249.9 ±
31.7 

473.5 ±
47.5 

200.3 ±
36.6 

Ecosystem 
carbon 
stock 

692.7 
± 70.3 

460.1 
± 50.2 

132.8 ±
25.3 

289.3 ±
26.9 

577.7 ±
28.3 

652.7 ±
56.8 

766.3 ±
110.8 

507.3 
± 12.9 

540.6 ±
102.8 

445.6 ±
57.7 

772.8 ±
84.1 

437.9 ± 88  

Table 3 
Summary of soil properties (mean ± standard error). Note no standard errors provided for sites where only one soil core was taken.  

Site Max. soil 
depth (cm) 

No. soil 
samples 

Mean bulk 
density (g/cm3) 

Mean water 
content (%) 

Mean carbon 
content (%) 

Total carbon stock 
(Mg C ha− 1) 

Mean nitrogen 
content (%) 

Total nitrogen stock 
(Mg N ha− 1) 

Ba 
Ba 1TC damage 150 30 0.97 ± 0.10 33.3 ± 4.1 3.53 ± 0.51 490.3 ± 43.3 0.15 ± 0.02 20.5 ± 1.7 
Ba 2Scrub 150 35 0.58 ± 0.09 33.9 ± 7.9 10.83 ± 1.64 451.9 ± 49.5 0.32 ± 0.04 15.3 ± 1.5 
Ba 3Island intact 44 8 0.36 ± 0.07 38.2 ± 9.5 6.18 ± 1.89 83.9 ± 10.8 0.25 ± 0.10 2.9 ± 0.5 
Ba 4Island TC 

damage 

55 5 0.29 57.1 7.96 92.4 0.54 5.0 

Nadroga-Navosa 
Tuva 5Tall intact 110 6 1.10 ± 0.00 20 1.76 304.4 0.07 10.2 
Tuva 6Tall TC 

damage 

129 5 0.90 ± 0.00 39.2 3.14 362.0 0.13 13.9 

Tuva 7Hinterland 130 11 0.69 ± 0.17 32 ± 8.9 5.26 ± 1.09 486.6 ± 37.7 0.17 ± 0.03 15.5 ± 1.7 
Tuva 8Scrub 135 6 0.73 ± 0.00 28.7 5.09 481.1 0.19 15.8 
Tuva 9River 

margins 

150 24 0.54 ± 0.09 36.7 6.51 ± 1.91 439.9 ± 85.3 0.22 ± 0.06 14.1 ± 1.8 

Rewa and Tailevu 
Rewa 10Coastal 

margin 

150 24 0.99 ± 0.12 37.2 ± 4.8 2.28 ± 0.50 249.9 ± 31.7 0.10 ± 0.02 11.4 ± 1.5 

Rewa 
11Hinterland 

143 79 0.84 ± 0.07 42.8 ± 2.9 4.73 ± 0.92 473.5 ± 47.5 0.15 ± 0.02 16.2 ± 0.9 

Rewa 12Coastal 

forest 

92 24 0.42 ± 0.05 53.6 ± 2.6 6.05 ± 0.75 200.3 ± 36.6 0.18 ± 0.03 6.2 ± 1.2  
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3.3. Tropical cyclone damage 

The extensive damage caused predominantly by TCs Evan and Mick 
is readily apparent in the taller, Rhizophora spp. forest of Ba 1TC damage 
and Tuva 6TC damage, with 86.4% and 79.7% of overall biomass (175 ±
16.7 Mg C ha− 1 and 231.6 ± 26.8 Mg C ha− 1 respectively) as necromass 
(dead trees and DDWD), while the entire biomass carbon pool on 
cyclone damaged sites of Yanuca Island (Ba 4TC damage) is necromass. 
Table 4 illustrates the extent of changes in biomass composition at Tuva 

6Tall TC damage as a result of TC Evan through a substantial decrease in the 
proportion of live trees as taller vegetation is knocked over to form 
coarse woody debris. Both Ba and Tuva showed signs of recovery with 
the majority of live trees displaying a uniform height of about 3–5 m and 
an average DBH of 6.4 ± 0.8 cm at Ba and average DBH 7.8 ± 2.6 cm at 
Tuva. However, there were no seedlings or saplings recorded at Ba. On 
Yanuca Island, which was also affected by TC Evan, there were no living 
trees within Ba 4Island TC damage and almost the entire biomass stock was 
observed in DDWD (173.1 ± 10.7 Mg C ha− 1). At this site there were no 
records of seedings or saplings and only a few scattered saplings 
observed during the survey, indicative of very limited regeneration in 
the 7 years post-TC Evan. The shorter in stature (canopy height 5–10 m), 
predominately Rhizophora spp. dominated Ba 3Island intact had only a 
quarter (48.9 ± 14.4 Mg C ha− 1) of the total biomass of the taller 
(canopy height of the few remaining standing trees 15–20 m) cyclone 
damaged interior forest of Ba 4Island TC damage (196.8 ± 26.9 Mg C ha− 1). 
Most of live tree biomass for Ba 3Island intact (42.5%, 13.6 Mg C ha− 1) was 
contained in a few large trees with DBH ranging between 10 and 18 cm. 
In contrast, tropical cyclone damage was not evident at Rewa and Tai-
levu. Rewa10Coastal margin was comprised of a narrow band of Rhizophora 
spp. forest abutting coastal margins of the Rewa Delta and displayed 
very similar overall biomass (195.7 ± 25.9 Mg C ha− 1) as the taller 

Fig. 2. Ecosystem carbon stocks of sites assessed in this study. Note that values above zero indicate carbon stored in above ground biomass, and values below zero 
indicate carbon that is stored in belowground pools (BGB and soil). 

Fig. 3. a (left): Relationship between average DBH or average diameter of coarse woody debris (CWD, TC impacted sites) and total biomass grouped by geomorphic 
classification. Note that the average diameter of CWD is used in lieu of average live tree DBH for Ba 1TC damage, Ba 4Island TC damage and Tuva 6Tall TC damage. Fig. 3b 
(right): Relationship between Index of Structural Complexity and total biomass grouped by geomorphic classification. 

Table 4 
Estimated direction and change in carbon pools resultant from TC Evan, with 
percentage change in parenthesis. Tuva 5Tall intact and Tuva 6Tall TC damage were 
adjacent forests, and data assumes they were structurally similar forests pre-TC 
Evan (see Supplementary Information 2). Figures are sourced from Table 2.  

Carbon pool Change in biomass, Mg C ha− 1 

Live trees ↓ 124.1 (43.8%) 
Dead trees ↑ 9.7 (3.4%) 
Fine woody debris ↑ 22.1 (7.8%) 
Coarse woody debris ↑ 109.7 (38.8%) 
Unaccounted/variance 17.4 (6.2%)  
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Rhizophora forests of Ba 1TC damage and Ba 4Island TC damage but with a 
much lower proportion vested in DDWD (16.5%). At Rewa 11Hinterland 
and Rewa 12Coastal forest, seedling and sapling density was the highest 
recorded for any sites assessed (56,768 ± 12, 934 m2 ha− 1 and 56, 417 
± 20, 947 m2 ha− 1 respectively), indicative of healthy forests with 
adequate recruitment sources. 

3.3.1. Ecosystem carbon stocks and scaling stock to the total area of 
the Ba, Tuva, and Rewa Deltas 

Ecosystem carbon stocks (Table 2, Fig. 2) were highest in deltaic 
systems of tall mangroves (Rewa 11Hinterland, Tuva 7Hinterland, and Ba 1TC 

damage) and lowest on Yanuca Island (Ba 3Island intact and Ba 4Island TC 

damage). For deltaic systems, the Rewa Delta stores both considerably 
more carbon per unit area (745.3 ± 81.9 Mg C ha− 1) and overall when 
scaled to the spatial extent (7, 109.7 ha) of the delta (5, 298, 972 ± 582, 
100 Mg C) compared to the Ba and Tuva deltas, underpinning this area’s 
importance as one of Fiji’s most significant forest carbon sinks (Sup-
plementary Information 4). The Ba and Tuva deltas, whilst located in 
sites of lower rainfall, are also significant depositories of carbon with 
weighted ecosystem carbon stocks per area of 479.0 ± 54.5 Mg C ha− 1 

and 589.5 ± 97.9 Mg C ha− 1 and total carbon storage estimated at 2, 
548, 791 ± 289, 858 Mg C and 724, 508 ± 120, 310 Mg C respectively. 
SOC generally formed the dominant fraction of overall carbon stocks 
(average of 64.6% across all sites assessed), with some exceptions. For 
example, in Ba 4Island TC damage and Rewa 12Coastal forest biomass consti-
tuted 68% and 54% of ecosystem carbon stocks respectively. 

4. Discussion 

The marked differences observed in carbon stocks among sites and 
geomorphological settings assessed in this study occur at multiple 
spatial scales and underpin the inherent high variability of Fiji’s 
mangrove ecosystems. The variability in stand structure, biomass, and 
soil properties between sites can be described as a function of differing 
geomorphological settings and biophysical processes, while the legacy 
of tropical cyclones in Fiji also had a profound impact on mangrove 
forest structure. 

4.1. Differences in stand structure and biomass as a function of 
geomorphic position and biophysical settings 

The differences observed in stand structure, species composition, 
structural complexity and subsequently biomass carbon stocks of sites 
assessed in this study are influenced by geomorphic settings coupled 
with the interaction of biophysical processes that vary across intertidal 
gradients. Biophysical factors conducive to growth include high levels of 
nutrient availability, temperature, sediment supply, and - of importance 
for the current study – precipitation, freshwater influx and tidal ampli-
tude (Alongi 2009, 2014; Broadhead, 2011; Cameron et al. 2018; 
Ochoa-Gómeza et al. 2019). 

In addition to geomorphological setting, the spatial variation in 
precipitation patterns and thus freshwater availability is likely a key 
driver for the observed differences in stand structure and biomass 
among sites. For instance, the taller, open and higher biomass Bruguiera 
gymnorrhiza dominated forests of Rewa (Rewa 11Hinterland and Rewa 
12Coastal forest) in the south–east generally experience higher rainfall, 
greater freshwater influx and lower soil salinity levels, factors known to 
correlate with higher productivity and overall biomass (Alongi, 2014). 
Conversely, lower rainfall tends to increase salinity levels in soils as 
evapotranspiration increases salt concentrations in soils. High levels of 
porewater salinity leads to reduced photosynthetic gas exchange and 
increased allocation of biomass to roots rather than shoots, thereby 
reducing overall productivity (Ball, 1988; López-Medellín and Ezcurra, 
2012; Ochoa-Gómeza et al. 2019). 

It is likely such processes give rise to variation in carbon stocks 
within the Ba and Tuva Deltas, with clear and distinct zonation 

associated with riverine influences that increase freshwater and nutrient 
availability. The higher biomass, taller Rhizophora spp. forests of Ba (Ba 
1TC damage) and Tuva (Tuva 5Tall intact and Tuva 6Tall TC damage) are 
delineated in spatial extent by proximity to river and stream margins. In 
contrast, the large areas of scrub Rhizophora spp. mangroves which 
dominate the Ba Delta (Ba 2Scrub) and comprise a significant portion of 
the Tuva Delta (Tuva 8Scrub) occur in interior hydrologically isolated 
zones along with extensive non-vegetated, hypersaline salt pans and 
mud flats. Hydrologically isolated scrub forests are typical in interior 
mangroves globally, caused by high salinity, extended hydroperiods 
and/or low nutrient availability (From et al., 2019). 

The Bruguiera gymnorrhiza dominated interior forest of Tuva7Hinter-

land is likely associated with freshwater from groundwater given this 
species has a lower tolerance of salinity compared to Rhizophora species 
(Alongi, 2009; Clough, 1992). Groundwater can also be high in nutrients 
that can increase productivity (Hayes et al. 2019). Several other species 
which are more commonly associated with landward margins and 
brackish areas were also recorded in Tuva7Hinterland (e.g. Excoecaria. 
agallocha, Vavae amicorum, and Xylocarpus granatum), the most struc-
turally complex of all mangrove ecosystems assessed. 

Tidal amplitude is another key regulator of species composition, 
diversity and biomass in mangrove ecosystems (Alongi, 2014; Cameron 
et al. 2018). More extensive lateral distances between landward and 
seaward margins coupled with greater elevation gradients facilitate the 
development of a greater range of niche habitats available for occupa-
tion by mangrove species. These processes often result in more diverse, 
species rich, higher biomass forests such as observed in the Rewa Delta 
and Rewa 12Coastal forest. Within this ecosystem, the full range of Fiji’s 
seven true mangrove species were recorded along with species more 
commonly associated with terrestrial environments but which can 
tolerate brackish conditions such as Cocos nucifera (coconut), Inocarpus 
fagifer and Pandanus verus. Like Tuva 7Intact lagoon, these species were 
found around brackish water streams of the hinterland interior which 
then transitions through to extensive interior zones of mono-specific 
Bruguiera gymnorrhiza. This zone is inundated irregularly, perhaps 
only twice a month on the highest spring tides, whereas the narrow band 
of Rhizophora spp. dominated forest around the coastal margin (Rewa 
10Coastal margin) is adapted to more regular periods of tidal inundation. In 
contrast, the over-wash conditions of Yanuca Island are largely only 
suitable for monospecific stands of Rhizophora stylosa. 

While the average biomass contained in Rewa’s forests is over twice 
the average reported for mangroves in other parts of the Indo-Pacific 
(Donato et al. 2011), it is still ~50–90 Mg C ha− 1 lower than the man-
groves of Sembilang (Sumatra) and Bintuni (West Papua) of Indonesia 
(Murdiyarso et al. 2015, Table 7) despite similar species dominance of 
all three forests (Bruguiera gymnorrhiza and Rhizophora spp.). Biomass in 
mangroves declines with increasing latitude (Alongi, 2009; Siikamäki 
et al., 2012; Hutchison et al. 2014) with higher biomass occurring in 
those forests closer to the equator, and both Sembilang and Bintuni are 
about 16◦ further north than Rewa. 

The successive impacts on forest structure resulting from TCs also has 
important implications for carbon storage and emissions in mangroves. 
Tropical cyclones are recognised as significant drivers of change in 
mangrove ecosystems (Lugo, 2000) with a recent review reporting that 
45% of loss in mangrove area worldwide was attributed to tropical cy-
clones (Sippo et al. 2018), ranking such impacts as perhaps the most 
important non-anthropogenic disturbance globally (Krauss and Osland, 
2019). The differences observed in forest structure and the composition 
of biomass carbon pools of tropical cyclone impacted sites assessed in 
this study were large, with reduced standing biomass and large increases 
in necromass resulting in significant emissions of biomass carbon 
(Table 4). Similar to previous studies of cyclone impacts (e.g. Asbridge 
et al. 2018; Aung et al. 2013, Salmo III and Gianan, 2019; Villamayor 
et al. 2016; From et al., 2019), taller mangroves of Ba 1TC damage, Ba 
4Island TC damage, and Tuva 6Tall TC damage were more susceptible to 
structural damage and mortality incurred from sustained high winds 
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Table 5 
Comparison of carbon stocks (Mg C ha− 1, mean ± SE) between sites assessed in this study and selected published studies of mature mangrove forests classified by 
geomorphic setting. AGB is inclusive of DDWD where reported.  

Location and country Dominant species Canopy 
height (m) 

AGB BGB Total 
biomass 

Soil organic 
carbon 

Ecosystem 
carbon stock 

Data source 

Deltaic mangroves 
Ba delta, Fiji R. selala; R. stylosa 2–20 58.8 ± 6.7 5.3 ±

1.3 
64.2 ± 8 >414.4 ±

46 
478.4 ± 54.3 This study (weighted average 

from Ba 1TC damage and Ba 2Scrub) 
Tuva delta, Fiji B. gymnorrhiza; Rhizophora 

spp. 
2–25 102.5 ±

22.6 
27.9 ±
7.1 

130.4 ±
29.7 

>459.0 ±
57.7 

589.4 ± 97.9 This study (weighted average 
from Tuva 7Hinterland, Tuva 
8Scrub, and Tuva 9River margins) 

Rewa delta, Fiji B. gymnorrhiza; Rhizophora 
spp. 

10–25 234.5 ±
29.2 

56.0 ±
6.5 

290.6 ±
35.7 

>454.7 ±
36.2 

745.3 ± 71.9 This study (weighted average 
from Rewa 10Coastal margin and 
Rewa 11Hinterland) 

Sundarbans, 
Bangladesh 

H. fomes; E. agallocha Unknown 83.7 43 126.7 >+481.8 566 Kauffman and Donato (2012) 

Estuarine mangroves, 
average Indo – 
Pacific 

Heriteria spp.; Excoecaria 
spp.; Sonneratia spp.; 
Rhizophora spp. 

Unknown 101.7 34.1 135.8 >+938.1 1074 Donato et al. (2011) 

Sembilang, Sumatera, 
Indonesia 

R. apiculata; B. gymnorrhiza Unknown 311.8 27.9 339.7 >+979.5 1319 Murdiyarso et al. (2015) 

Bintuni, West Papua, 
Indonesia 

B. gymnorrhiza Unknown 338.4 43.6 382 >+1014.8 1397 Murdiyarso et al. (2015) 

Kubu Raya, 
Kalimantan, 
Indonesia 

R. apiculata Unknown 159 14.3 173.3 >+620.9 794.2 Murdiyarso et al. (2015) 

Patch reef/over-wash mangroves 
Yanuca Island, north- 

western Viti Levu, 
Fiji 

R. stylosa 5–10 41.4 ± 11.6 7.5 ±
2.8 

48.9 ±
14.4 

>83.9 ±
10.8 

132.8 ± 25.3 This study, Ba 3Island Intact 

Yanuca Island, north- 
western Viti Levu, 
Fiji 

R. stylosa 10–15 187.4 ±
25.3 

9.4 ±
1.6 

196.8 ±
26.9 

>92.4 ±
0.00 

289.3 ± 26.9 This study, Ba 4Island TC Damage 

Tanakeke Island, 
Indonesia 

R. apiculata; R. stylosa 3–10 33.2 ± 4.5 7.2 ±
1.2 

40.4 ±
11.6 

<575.0 ±
51.2 

615 ± 267.3 Cameron et al. (2018) 

Panikiang Island, 
Indonesia 

R. apiculata; R. stylosa 10–15 91.5 ± 14.7 31.0 ±
9.5 

122.5 ±
38.0 

<418.4 ±
32.5 

540.9 ±
147.9 

Cameron et al. (2018) 

Oceanic mangroves, 
average Indo – 
Pacific 

Sonneratia spp.; Rhizophora 
spp.; Xylocarpus spp. 

Unknown 197.9 111.6 309.5 >+680.4 989.9 Donato et al. (2011) 

Bunaken (offshore 
atoll), Sulawesi, 
Indonesia 

R. mucronata Unknown 111.9 14.9 126.8 >+811.6 938.4 Murdiyarso et al. (2015) 

Riverine and coastal fringing mangroves 
North-west coast, Viti 

Levu, Fiji 
R. stylosa 15–20 186.3 ±

22.5 
16.1 ±
4.4 

202.4 ±
27 

>490.3 ±
43.3 

692.7 ± 70.3 This study (Ba 1TC damage) 

West coast, Viti Levu, 
Fiji 

R. selala 15–20 234.7 ±
26.3 

38.6 ±
2 

273.3 ±
28.3 

>304.4 ±
0.00 

577.7 ± 28.3 This study (Tuva 5Tall intact) 

West coast, Viti Levu, 
Fiji 

R. stylosa 15–20 274.3 ±
49.4 

16.3 ±
8 

290.7 ±
56.8 

>362.1 ±
0.00 

652.7 ± 56.8 This study (Tuva 6TC damage) 

West coast, Viti Levu, 
Fiji 

R. selala 10–15 77.5 ± 12.9 23.2 ±
4.8 

100.7 ±
17.5 

>439.9 ±
85.3 

540.6 ±
102.8 

This study (Tuva 9River margins) 

South-eastern coast, 
Rewa, Viti Levu, Fiji 

B. gymnorrhiza 15–25 190.7 ±
42.7 

47 ±
8.8 

237.7 ±
51.4 

>249.9 ±
31.7 

445.6 ± 57.7 This study (Rewa 10Coastal 

margins) 
Bunaken (interior 

forest), Sulawesi, 
Indonesia 

C. tagal; R. apiculata 10–15 68.7 ± 8.1 13.8 ±
3.0 

82.5 ±
19.4 

<504.2 ±
89.6 

586.7 ±
210.9 

Cameron et al. (2018) 

Bunaken (coastal 
margin forest), 
Sulawesi, Indonesia 

R. apiculata; B. gymnorrhiza 15–20 182.2 ±
41.1 

70.8 ±
17.9 

253.0 ±
41.1 

<509.5 ±
70.6 

762.6 ±
128.3 

Cameron et al. (2018) 

Yap, Federated States 
of Micronesia 

S. alba Unknown 189.3 145.2 334.5 >+731.8 1, 066.3 Kauffman et al. (2011) 

Babeldoab, Republic 
of Palau 

R. apiculata Unknown 122.7 80.0 202.7 >+520.1 723.3 Kauffman et al. (2011) 

Scrub mangroves 
Ba delta, Viti Levu, Fiji R. selala 2–4 7.2 ± 0.6 1 ± 0.1 8.2 ± 0.7 >451.9 ±

49.5 
460.1 ± 50.2 This study (Ba 2Scrub) 

Tuva delta, Viti Levu, 
Fiji 

Rhizophora spp. 2–6 18.9 ± 6.9 7.3 ±
2.8 

26.2 ±
12.9 

>481.1 ±
0.00 

507.3 ± 12.9 This study (Tuva 8Scrub) 

La Paz Bay, Baja 
California, Mexico 

R. mangle Unknown 33 ± 19 *11.8 
± 6.8 

44.8 ±
25.8 

-<208.9 ±
144.6 

253.7 ±
170.4 

Ochoa-Gómez et al. (2019) 

Global estimates for mangrove ecosystems 
Worldwide       761 ± 45.5 Alongi et al. (2005)    

128 ± 0.34 
(range 
9–560) 

64 ±
0.2 

192 ±
0.5 

209 401 ± 48 Rovai et al. (2018) 

Worldwide   115 ± 7    741 ± 29 Kauffman et al. (2020) 
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than shorter forests (e.g. Ba 2Scrub). However, while mortality in scrub 
forests was low and there were no changes in forest extent or cover in Ba 
2Scrub, the legacy of TC impacts was still apparent with this site having 
similar carbon stocks in fine DDWD as within the above ground living 
biomass pool. 

4.2. Soil carbon stocks 

Much like the structural dynamics and biomass characteristics of 
sites assessed in this study, differences in soil parameters are primarily 
driven through factors associated with geomorphic setting. For instance, 
sites located within the deltas of Ba (Ba 1TC damage, Ba 2Scrub), Tuva (Tuva 
7Hinterland, Tuva 8Scrub, Tuva 9River margins), and Rewa (Rewa 10Coastal 

margin and Rewa 11Hinterland) had higher overall soil carbon and nitrogen 
stocks and deeper soil layers than those from patch reef settings (Ba 
3Island intact and Ba 4Island TC damage), coastal forests (Rewa 12Coastal forest), 
or sites restricted to river margins (Tuva 5Tall intact and Tuva 6Tall TC 

damage). This pattern may be linked to the sea level history of the region 
where mangroves have occupied low intertidal positions in the late 
Holocene (Rovai et al., 2018) as well as a greater influx of freshwater, 
sediments and nutrients, coupled with higher tidal amplitudes observed 
in low-lying deltaic environments (Lugo and Snedaker, 1974; Thom, 
1984; Woodroffe, 1992). Suspended sediments are trapped by mangrove 
root structures contributing to soil volume and carbon burial (Woodroffe 
et al. 2018). Our results are similar to others with generally higher rates 
of soil carbon burial in deltaic mangroves, particularly in comparison to 
oceanic mangroves (Donato et al. 2011; Hayes et al. 2017). Additionally, 
despite their small stature, scrub mangroves typically had similar or 
higher soil carbon stocks as taller forests. This is likely due to longer 
hydroperiods and associated anoxia and higher porewater salinity than 
more frequently inundated mangroves (McKee et al. 2007; Adame et al. 
2015). 

4.3. Comparison of ecosystem carbon stocks 

The extensive ecosystem carbon stocks stored in the Ba, Tuva, and 
Rewa Delta’s show just how important these sites are in terms of natural 
resource management, conservation, and climate change mitigation for 
Fiji. For example, Payton and Weaver (2011) estimate Fiji’s terrestrial 
rainforests forests store 42, 867, 847 Mg of carbon in above and below 
ground biomass across 899,000 ha, although they do not include soil 
carbon. This equates to 47.7 Mg C ha− 1 (range 2.2–266 Mg C ha− 1) 
which is only 18.8% of the average from the higher biomass sites of Ba 
1TC damage, Tuva 7Hinterland and Rewa 11Hinterland. We scaled our 
ecosystem carbon storage results to the total estimated area of man-
groves in Fiji (65, 243 ha, Cameron et al. 2020) and delineated 
mangrove estate by coarse scale estimates of geomorphic units. In this 
analysis, a further 3, 582 ha of mangroves on Vanua Levu (in addition to 
the Rewa, Ba and Tuva deltas) are classified as deltaic and assumed to 
have similar composition to the Tuva Delta (i.e. riverine and interior 
mangroves surrounded by scrub mangroves). Approximately 1, 900 ha 
of mangroves occur on patch reef flats such as the islands of Talailau and 
Nadogo on the northern coastline of Vanua Levu, and these are assumed 
to have similar ecosystem carbon storage and species composition as the 
taller Rhizophora spp. forest of Ba 4Island TC damage (noting these islands 
do not display tropical cyclone damaged). The remaining extent (46, 
101 ha) is classified as coastal fringing mangroves with ecosystem car-
bon storage equivalent to Rewa 12Coastal forest. Summation of these car-
bon stocks results in carbon storage across Fiji’s mangrove estate of 31, 
420, 978 Mg C at 481.6 Mg C ha− 1. Thus, our data suggest ecosystem 
carbon storage in Fiji’s mangroves is disproportionate to area, with 

storage equating to 73.3% of terrestrial rainforests despite occupying 
just 7.3% of the total area. The contribution of mangroves could be even 
higher as we only included soil carbon data within the top 1.5 m, the 
maximum depth our auger could reach, and deltaic systems in particular 
typically have much deeper soil and therefore greater carbon stocks. 

Within a global context, Fiji’s deltaic systems appear at the lower end 
of the scale in terms of average ecosystem carbon stocks reported for 
estuarine mangroves (1073.9 Mg C ha− 1) in the Indo–Pacific (Donato 
et al. 2011, Table 5). However, Donato et al. (2011) report soil carbon 
stocks to varying depths (upwards of 3 m) with no compartmentalisation 
by depth. Standardization to a defined depth (e.g. delineation by the top 
1 m of soil) is needed to facilitate comparisons (Weiss et al. 2016). It is 
likely, therefore, that all three Fijian deltas store considerably more soil 
carbon than reported here and that this is significant when compared at 
a global scale. 

5. Conclusions 

The current study aimed to increase understanding of the community 
structure and carbon stocks of Fiji’s mangrove ecosystems in order to 
inform land management and policy, including the potential for devel-
oping blue carbon intervention projects. We found that the mangrove 
ecosystems of Viti Levu displayed high variability in both structural 
composition and biomass carbon stocks, with the high biomass, struc-
turally complex, forests of the south-east coast (Rewa 10Coastal margins, 
Rewa 11Hinterland and Rewa 12Coastal forest) juxtaposed against the low 
biomass, structurally uniform scrub mangroves that dominate the Ba 
Delta (Ba 2Scrub). The Tuva Delta also displayed extremely high variation 
in biomass and CI, with a distinct transition from high biomass and CI 
forests around river and stream margins (Tuva 7Hinterland) through to 
Rhizophora spp. dominated forests (Tuva 9River margins) and the lower 
biomass, less structurally diverse scrub mangroves (Tuva 8Scrub). All 
sites, however, are important reservoirs of carbon, and despite the im-
pacts of cyclone damage on community structure and the composition of 
biomass carbon pools in some sites, ecosystem carbon pools remain 
significant through substantial soil carbon deposits. 

Differences in geomorphic settings and biophysical variables, prin-
cipally precipitation, freshwater influx and tidal range drive the high 
levels of variability. This demonstrates the inherent uniqueness of Fiji’s 
mangroves, with almost the entire range and diversity of mangrove 
ecosystems recorded from around the world represented despite the 
small landmass of Viti Levu. Our study shows that Fiji’s mangroves store 
disproportionate amounts of carbon in relation to area, particularly in 
comparison to terrestrial biomes. This underscores their importance as 
highly efficient, carbon dense sinks and should provide multiple in-
centives for improved conservation and incorporation into climate 
change mitigation strategies. 
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