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Abstract: There are few detailed carbon (C) budgets of mangrove forests, yet these are
important for understanding C sequestration in mangrove forests, how they support the
productivity of the coast and their vulnerability to environmental change. Here, we develop
C budgets for mangroves on the islands of Twin Cays, Belize. We consider seaward
fringing forests and interior scrub forests that have been fertilized with phosphorus (P),
which severely limits growth of trees in the scrub forests. We found that respiration of the
aboveground biomass accounted for 60%—-80% of the fixed C and that respiration of the
canopy and aboveground roots were important components of respiration. Soil respiration
accounted for only 7%-11% of total gross primary production (GPP) while burial of C in
soils was ~4% of GPP. Respiration by roots can account for the majority of soil respiration
in fringing forests, while microbial processes may account 80% of respiration in scrub
forests. Fertilization of scrub forests with P enhanced GPP but the proportion of C buried
declined to ~2% of GPP. Net ecosystem production was 17%—27% of GPP similar to that
reported for other mangrove forests. Carbon isotope signatures of adjacent seagrass suggest
that dissolved C from mangroves is exported into the adjacent ecosystems. Our data
indicate that C budgets can vary among mangrove forest types and with nutrient
enrichment and that low productivity mangroves provide a disproportionate share of
exported C.
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1. Introduction

Mangrove forests are important sinks of carbon (C) throughout the tropics and subtropics [1-3] due
to their high C burial rates within soils [3-5]. These observations have led to a heightened level of
interest in conserving and restoring mangroves for their C values [6,7]. Additionally, mangrove forest
primary production is responsible for approximately 10% of the global export of both particulate and
dissolved organic C to the oceans, which supports production in near shore waters [8,9]. However,
there are very few detailed C budgets available for mangrove forests [3,10,11]. Here, we describe a
carbon budget for mangrove forests in Belize. Our aims are to increase knowledge of the global
variation in C budgets of mangroves and the understanding of the factors giving rise to variation in C
stocks, rates of C burial and the role of mangrove forests in supporting productivity of the coasts on
which they occur.

Gross primary productivity (GPP) and the size of the detrital pool in ecosystems are strongly
influenced by variation in vegetation structure and rates of turnover [12]. Although little is known of
variation in mangrove tree turnover rates [13], mangrove forests vary widely in structure and
productivity across large (e.g., latitude [13]) and small spatial scales (e.g., ecotones [14]). Some of the
major features of the few existing C budgets of mangrove forests indicate that despite being rooted in
saline soils, they are highly productive forests, with similar productivity to terrestrial forests, and that a
large proportion of fixed C is respired by the canopy [3,13]. Carbon burial rates of detritus have been
estimated to be approximately 2%-4% of GPP, but this could vary with age of the forest and
productivity [3,11]. At our study site, C burial is particularly important because of the dependence on
the burial of autochthonous organic matter for maintaining the soil elevation relative to sea
level [15,16]. Finally, approximately 40% of the fixed C has not yet been accounted for in the existing
budgets and is proposed to be exported from the ecosystem [10,13,17], although how the size of the
putatively exported fraction varies among different types of mangrove forests is also not known.

Mangrove forests are threatened by agriculture, industry and urbanization [18] which can lead to
losses in ecosystem C stocks and alterations to C budgets. Not only are mangrove forests cleared,
which results in losses of aboveground and belowground C [2,19,20], but anthropogenic nutrient
enrichment alters a range of processes that could affect C budgets [21]. In terrestrial ecosystems,
increases in the availability of nutrients have been shown to enhance primary productivity, reduce
allocation to roots and increase rates of decomposition of soil organic matter [22,23]. Mangroves also
show strong sensitivity to nutrient additions for a range of processes, including above and
belowground growth and decomposition [14,24,25]. These studies have demonstrated that scrub
mangrove growth can be severely limited by phosphorus (P) availability. However, little is known of
how nutrient enrichment influences the efficiency of C burial within soils through reductions in
allocation to roots or enhanced rates of decomposition of soil organic matter.

We used a mass balance approach of C inputs (autotrophic components) and outputs (the fate of
autotrophic production) similar to those presented in Alongi [11] to identify the major C sources and
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sinks of mangrove forests of Twin Cays, Belize. Twin Cays is a small archipelago comprised of 92 ha
of mangrove forest that lies within the lagoon of the Meso-American Barrier Reef [26]. In the
Caribbean region, mangrove forests often grow on peat soils that overlie limestone [27-29]. Unlike
mangrove forests in deltaic systems, where forests often grow on mineral soils, mangrove forest soils
in oceanic settings in the Caribbean are often comprised of mangrove roots that have accumulated
during the rise in sea level over the Holocene [15]. Accumulation of these peat soils is facilitated by
inundation and anoxia which limits decomposition [30]. The mangrove forests of Twin Cays consist of
a range of vegetation zones with varying levels of productivity and which are differentially limited by
nutrient availability [14]. Tall seaward fringing forests are adjacent to stunted dwarf or scrub forests in
the interior of the islands [31]. In addition to stunted trees, microbial mats are well developed in the
interior of the islands and have been proposed to be important sites of biogeochemical cycling,
including proposed sources of C and nutrients [32]. Dwarf or scrub trees within the islands interiors
show pronounced growth enhancements when fertilized with P, indicating P limitations to primary
productivity in these areas, in contrast to nitrogen limitation to growth observed in the taller seaward
fringing forests [14]. Using data from a range of studies, including those focused on long-term
fertilization experiments on Twin Cays [24], we assess how forest C budgets vary among different
types of mangrove stands and how they are influenced by nutrient enrichment. The intensive research
activity at Twin Cays over decades provides an unparalleled, comprehensive insight into elements of
the C budget of these mangrove forests that have rarely been assessed simultaneously in other forests.

2. Experimental Section
2.1. Study Site

Twin Cays, Belize (16°50" N, 88°06" W) is a small archipelago comprised of 92 ha of mangrove
forest that lies within the lagoon of the Meso-American Barrier Reef [26]. The mangroves forests of
Twin Cays can be divided into two main vegetation zones: (1) Forests fringing the ocean dominated by
Rhizophora mangle, which are approximately 3 to 6 m tall and occupy approximately 100,000 m? of
the islands; and (2) Dwarf or scrub stands (less than 1.5 m) of R. mangle and well developed microbial
mats that are associated with ponded areas of the interior of islands which cover ~190,000 m? of the
islands area [31,32] (Figure 1). Avicennia germinans and Laguncularia racemosa also occur on the
islands in areas of higher elevation, but are excluded from this study because sufficient data are not
available to create detailed C budgets for these vegetation zones. Dwarf or scrub trees within the
islands interiors show pronounced growth enhancements when fertilized with P (see insert in Figure 1),
indicating P limitations to primary productivity in these areas, in contrast to nitrogen limitation to
growth observed in the taller seaward fringing forests [14].

Data for the construction of C budgets for Twin Cays, Belize have been acquired over the last
25 years due to the presence of the Smithsonian’s field station at nearby Carrie Bow Cay [26] and a
range of research initiatives, including the Caribbean Coastal Marine Productivity program
(CARICOMP [33]), that have been supported by the Smithsonian Institution and other funding
agencies. In order to construct a C budget for different forest zones (seaward fringing forests and
landward scrub forests) and for nutrient enriched (fertilized) and control (non-fertilized) plots, we have
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collated and integrated results from a range of studies that have used a wide array of approaches
(Table 1). Much of the data are from long term fertilization experiments that were commenced on
Twin Cays in scrub forest in 1988 [34] and extended to cover both fringe and scrub forests in 1995 [14].
Briefly, the fertilization experiments were conducted at three locations in both fringing forests and
scrub forests (Figure 1), At each location and in each forest zone nine plots were fertilized with
nitrogen (N, applied as urea) and nine fertilized with slow release phosphorus fertilizer (P) with nine
remaining as unfertilized controls [14]. In each plot a focal tree was assessed to determine rates of tree
growth. As there were no differences among control and P fertilized trees in the fringing forests for
many measured parameters and relatively small differences among N fertilized and control trees in the
fringing forests [14,15,35], and because in the scrub forests there were small differences between N
fertilized and control trees, but very large differences between P fertilized trees and control
trees [14,15,35,36], we chose to focus on contrasts among fringe and scrub forests and within the scrub
forest between P fertilized plots and control plots (Table 1).

Serub forest P fertilized scrub

b

/

Fringe forest

Figure 1. Aerial image of the study site, Twin Cays, Belize in 2006. Study locations are
indicated by yellow arrows. The inset provides a detailed view of one of the study
locations. Scrub and fringe forests are indicated as well as the phosphorus (P) fertilized
scrub trees.
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Table 1. Parameters used in estimating components of the carbon budget of mangrove
forests of Twin Cays, Belize. Density of trees is from Koltes et al. [33]; leaf photosynthetic
carbon gain is from Lovelock et al. [35] and Cheeseman and Lovelock [36]. Values are
means + standard errors.

. Forest Type
Forest Attributes
Fringe Scrub P Fertilized Scrub
Density of trees No. m™ (N = 5) 0.51+£0.23 0.23 £ 0.09 0.23 £0.09
Tree Height (N = 9) 3.3+0.2 1.19+£0.10 2.24 £0.22
LAl m?>m~2 (N =9) 1.82 £ 0.07 0.39 £ 0.06 1.70 £0.77
; 2 2

Direct measure of ((:Ifl”frg leafarea (M=) 601030  1.17£0.33 4.61+0.94
Surface area stems (m? tree) 1.3+£0.3 0.06 + 0.01 0.46 £ 0.09

Aboveground root length (m length per tree) 62 + 20 74440 39+ 16

(N=9)
Surf b d root
urtace arzea a ovegrom_JZn roots 54+1.7 0.59 £0.29 28+1.1
(m“ root area m ©)
Biomass of macroalgae g-m > (N = 9) 40 £ 20 8+8 24 +13
Surf f habitat f |
urtace area of nabitat 11 mactoalgae 0.68+0.14  0.22+0.02 0.53+0.08
(m~rootaream <) (N=9)
; ; m2.q"!
Leaf photosynthetic carbon gain pmol-m™—-s 103404 74401 121407
(N=9)

Leaf respiration pmol-m2-s™' (N =9) 1.41 +0.06 1.61 +0.04 1.98 +0.12

P: phosphorus; LAI: leaf area index.
2.2. Primary Productivity and Respiration of the Canopy, Mats and Macroalgae

Tree gross primary production (GPP) was estimated by addition of canopy net primary productivity
(NPP) to canopy respiration [13]. Leaf area index (LAI) of all forest plots was determined using
hemispherical photography analysed with the Hemiview program (Delta T Devices, Cambridge, UK).
Canopy NPP was estimated by multiplying the LAI by the mean photosynthetic rate measured in the
field (obtained from [35]), which was then scaled up to an annual NPP per plot assuming 10 h per day
of photosynthetic activity. Respiration rates of three canopy leaves from each plot were measured at
night (in darkness) with the LiCor 6400 standard leaf chamber (Li-Cor, Lincoln, NE, USA). Because
LAI incorporates variations in leaf angle (assesses the projected leaf area), and mangroves are known
to have steep leaf angles to avoid excess solar radiation and limit water loss [37,38] we also assessed
the total leaf area per m? by harvesting all leaves within a 1 m? quadrat through the canopy in the
fertilization experimental plots (9 per treatment for each forest zone within each of the three study
locations). We used this direct measure of leaf area to scale up leaf respiration rates to an annual rate
canopy respiration rate by multiplying leaf respiration per leaf area (Table 1) by total leaf area per m?
x 24 h x 365 days.

GPP of the microbial mats was obtained from [39,40]. We assumed 100% cover of the soil surface
by these microbial communities [3], but differing productivity over forest zones due to variation in
mangrove canopy cover and thus light reaching the benthos [39]. No values of GPP for the mats were
available for the P fertilized trees. We therefore used values for the fringe forest zone anticipating that
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the similar canopy cover (LAI) limited productivity of the mats in the treatment. GPP of the
macroalgaal community that is associated with mangrove roots (comprised mainly of Bostrychia
tenella, B. montagnei and Catenella repens) was estimated from measures of maximum rates of
electron transport from chlorophyll fluorescence using a PAM 2100 (H. Walz, Effeltrich, Germany)
and the relationship between carbon gain and electron transport described by Genty et al. [41]. There
were no significant differences among photosynthetic rates of the macroalgae over fertilization
treatments thus, we used a mean photosynthetic rate of 4.75 pmol C m2-s™ to estimate GPP. Mean
photosynthetic rate was scaled up to mol C m™2-year* in a similar way to canopy photosynthesis.
Respiration of algae was measured in air using the Licor 6400 Portable Photosynthesis System
(Li-Cor, Lincoln, NE, USA) with the standard leaf chamber in darkness. Values were scaled to GPP on
an area basis by multiplication by the area of root macroalgal habitat (aboveground root surface area)
measured in 0.25 m? plots within each experimental plot (Table 1).

2.3. Other Outputs: Litter Export, Herbivory, Respiration of Woody Tissues and Soils

Litter fall, litter turnover and forest structure data were obtained for un-manipulated forests from
the CARICOMP data sets, which were part of a Caribbean-wide program to assess variation in marine
productivity [33]. The CARICOMP procedure includes measurement of all trees within replicate
10 x 10 m plots, the deployment of litterfall traps sampled monthly and periodic sampling of leaf litter
on the soil surface used to calculate leaf litter turnover. The CARICOMP data set was augmented with
another year of data collected on Twin Cays in 2003 using the same procedures Litter fall data was not
available from the trees within the fertilization experimental plots and was therefore estimated from
leaf initiation rates published in Feller et al. [14]. We assumed a relatively constant number of leaves
in the canopy and scaled up to litterfall per m? area by multiplying leaf production per tree by the
density of trees in each vegetation zone. Litterfall estimated in this way was comparable to litterfall
measured in the CARICOMP plots. For the C budget leaf litter was presumed to be exported from the
system consistent with the high rates of litter turnover observed at this site [34] and the minor
component that leaves contribute to the peat [15]. Losses of leaf material due to herbivory were
sourced from Feller and Chamberlain [42].

Wood production was calculated from the mean increment of woody tissues from nine dendrometer
bands deployed on stems within the fringing forest for 1 year. We detected no differences among
fertilization treatments in wood production in the fringing forest and thus assumed a mean rate of basal
area increase of 2.9 cm?.yeart. Tree stems in the fringe had a mean diameter of 11.2 cm. Wood
production in the scrub forests was assumed to be low and assigned a zero value. We used a simple
approach to convert basal area increment to woody biomass increment of stems by assuming stems are
cylindrical with a height of 3 m. To estimate C accumulation from woody biomass increments we used
literature values of wood biomass density for R. mangle (0.86 g-cm™3) and C content of wood (46%
carbon) [43]. Respiration rates of aboveground woody tissues (roots and stems) were calculated from
non-destructive measurements of surface area of woody tissues and measurements of respiration from
detached tissues harvested from within the experimental plots. Respiration was measured on detached
tissues that were approximately 1-2 cm diameter and 7 cm in length using the 1 L conifer chamber
attached to the LiCor 6400 Portable Photosynthesis System. Respiration was then expressed on a
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surface area basis. Although previous studies in terrestrial trees have indicated that sap wood volume is
the most appropriate way to express respiration of woody stems [44] and others have suggested mass is
more appropriate [45], we used surface area as a proxy for the amount of respiring tissues (cambium)
rather than volume or mass because a study of whole tree respiration in mangroves from Japan
indicated that while respiration was explained adequately by mass in rapidly growing trees, surface
area may be a better predictor in slower growing trees. That is, respiration is better explained by mass
to the exponent 2/3 or 3/4 rather than 1 [46,47]. Respiration of woody tissues was scaled to a rate
m~2.year * by multiplication by the surface area of aboveground roots and stems. Total surface area of
woody tissues per tree was estimated by field measurements of tree architecture. Diameter, length of
branches, and number of branches arising from each branch was recorded for representative stems and
aboveground roots at each branching order on each of the focal trees within the fertilization
experiments. The number of main stems (trunks) was assessed then for each branching order it was
assumed, based on our observations, that only one branch (of possible three) continued to support the
next branching order. To obtain the total area of stem surface area per tree the area of stem from all
stems arising from the main stems were multiplied by the number of main stems. To estimate root
surface area we followed a similar process assessing the number of main roots arising from the base of
the stem and then assessing the diameter and length of all branching orders for the focal trees within
the fertilization experiments.

Soil respiration was measured when soils were exposed in air using the LiCor 6400 with soil flux
chamber attached. The chamber was placed at the sediment surface, penetrating only 5 mm of the
sediment, to avoid severing surface roots [48,49]. The production of fine and coarse roots was obtained
from McKee [50] who measured root production using in-growth bags within the fertilization
experimental plots. Carbon burial within soils was calculated from mean increases in soil surface
elevation over time, which was measured over the peat depth of 9-12 m (depth to the benchmark) [15]
multiplied by the mean C density of soils obtained from [50]. Carbon density in this study was
assessed from small cores (5 cm in diameter and 20 cm depth) from each plot which were dried and
finely ground before analysis using an elemental analyser (EA 1110, CE Instruments, Milan, Italy) [50].
Root respiration from each plot was measured on detached fine roots in moist air using a custom built
root respiration chamber attached to the LiCor 6400 Portable Photosynthesis System [51].

2.4. Data Analysis

Statistical tests were not appropriate for the descriptive C budgets presented as values were collated
over a many different studies using a range of different approaches that did not always adhere to a
similar experimental design. Regression analysis was used to assess the relationship between GPP and
C burial in soils.
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3. Results and Discussion
3.1. Gross Primary Productivity

Gross primary production was higher in fringing forests than scrub forests and higher still in the
P fertilized scrub forests (Table 2). A larger portion of GPP was attributed to the microbial mat
production in the scrub (~27%) compared to the fringing forest (~2.5%) and the P fertilized trees
(~2%). The contribution to GPP of the epiphytic macroalgal community that adheres to the roots (i.e.,
Bostrychia and Catenella) was low in the interior scrub forest and highest in the seaward fringing
forest where tidal inundation is frequent. The mean biomass of these communities was 8 + 8 g-m™
(mean * SE) for the scrub forests and 40 + 20 g-m™2 in the fringing forest (Table 1). The macroalgal
community contributes 3.7% of total community GPP in P fertilized scrub, 5.6% in the scrub and 8.9%
in the fringing forest.

Table 2. Summary carbon budget (mol C m™=2.year?!) of fringing and scrub
Rhizophora mangle forests and phosphorus fertilized scrub forests for Twin Cays, Belize.

Forest Type
Budget Components Fringe Scrub Fertilized P Scrub
INPUTS
Mangrove trees 378.0 89.0 555.0
Epiphytic algal community 38.0 7.5 22.0
Microbial mat 11.0 36.5 11.0
TOTAL INPUTS 427.0 133.0 588.0
OUTPUTS
Canopy respiration 132.0 51.0 286.0
Soil respiration 47.0 8.6 81.5
Aboveground root respiration 108.0 29.0 168.0
Stem respiration 18.6 3.2 36.5
Algal respiration 8.2 1.6 4.8
Wood production 11.6 0.1 15.0
Herbivory 1.2 0.4 1.6
Burial in soil 17.6 2.8 12.9
Export (litter) 131 0.8 131
TOTAL OUTPUTS 357.3 97.5 619.4
Net Ecosystem Production (NEP) (% GPP) 69.6 (16.3)  35.5(26.7) —31.4 (-5.3%)
% C of GPP buried 4.1 2.1 2.2
Production:Respiration ratio (P:R) 1.19 1.36 0.95

Within the same island, different habitats (seaward fringing forests and scrub or dwarf habitats) can
have vastly different levels of productivity and have differences in the sources and fates of fixed C.
The mangrove canopy is responsible for most GPP, but soil surface microbial communities accounted
for 27% of GPP in the scrub compared to 2.5% in the fringing forest. These values are consistent with
the limited development of the canopy in scrub forests, which at this site is due to P limitations to tree
growth [14,34,52].



Forests 2015, 6 3536

3.2. Autotrophic Respiration

There were differences between aboveground root tissue and aboveground stem tissues in
respiration rates (Table 1). We used a respiration rate of 3.3 pumol CO2 m2.s for aboveground roots
and 1.27 pmol m2.s? for woody stem tissues in order to scale-up aboveground woody tissue
respiration to the whole tree and stand level. Respiration of aboveground components (leaves, stems,
aboveground roots) accounted for a large proportion of GPP in seaward fringing forests (68%), scrub
forests (94%) and P fertilized scrub (88%). These values reflect the large aboveground root biomass
that occurs in these forests (Table 1). We estimated 7.1 + 3.9 m of aboveground root length per tree in
scrub trees (0.6 m? surface area), 61 + 20 m (5.4 m? surface area) in seaward fringing trees and 39 + 16 m
(2.8 m? surface area) for P fertilized scrub trees.

Our C budget indicates, similar to other forests that respiration of the biomass accounts for the
largest fraction of GPP [13]. We found that aboveground roots and stems are a significant respiratory
sink with values similar to canopy respiration in the fringing forest, and values proportionally lower in
the scrub and P fertilized scrub. Rhizophora mangle under flooded (and nutrient limited) conditions
produces a large biomass of aboveground roots [53]. This component of mangrove tree metabolism has
rarely been explicitly included in C budgets but could be a large factor in some forests, particularly
where primary production is low but aboveground root biomass is high [54].

The magnitude of our estimate of respiration of woody tissues could be overestimated because:
(1) Aboveground roots and twigs of mangroves are photosynthetically active [55,56], which at high
levels of solar radiation (as occurs in the scrub forest) may reclaim respired CO2. Measurements in
other mangrove species indicate the epidermis of roots and twigs remove 90% of incident
photosynthetic radiation [57], thus, over estimation of respiration from woody tissues would most
likely occur in the scrub habitats where woody tissues are exposed to high levels of solar radiation
compared to fringing habitats where aboveground roots are shaded by the canopy; (2) Rates of
respiration measured in detached tissues may be higher than that for intact trees. Rates of stem
respiration measured in pine species [41] were lower than the values we observed. Ryan et al. [43]
observed values of 0.2-0.6 pmol CO2 m™2-s* while our aboveground tissues had mean values of
1.44 ymol CO2 m2-s! and aboveground roots even higher at 3.8 umol CO2 m2-s7%. In contrast, fine
root respiration rates of R. mangle were lower than most other species [50]. But, high levels of
aerenchyma tissues that occur in aboveground roots of mangroves may impose a high metabolic cost
as well as high respiration rates in aboveground roots and stems [58]. Given the sensitivity of
respiration to temperature and rising levels of atmospheric CO2 [59], further work is required to fully
understand this component of mangrove forest C budgets. Over-estimation of the respiration of woody
tissue would increase the unaccounted for fraction of C in the budget (the net ecosystem production,
NEP), potentially leading to an underestimation of C available for export (described below).

Other output components of the C budget are comparatively small and within the range observed in
other studies. Litter production was similar to that predicted by the relationship between precipitation
and export of litter [60]. Wood production was also similar to that measured in other low productivity
mangrove forests [61], accounting for 3% of GPP in fringing forest and P fertilized scrub but lower
(<1%) in the scrub forests. Losses to canopy herbivory are <1% of GPP. Wood feeding insects
contribute to woody tissue turnover [62] and may therefore contribute to the wood production term
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in the budget (7% of fringing forest GPP) and to C burial due to incorporation of dead wood into the
soil profile [49,63].

3.3. Soil Respiration

Soil respiration accounted for 11% in fringing forests, 6.5% in fringing forests and 14% of GPP in
P fertilized scrub forests (Table 2). Using values of root respiration and annual root production rates
from [15], we estimated the proportion of soil respiration that may be due to root metabolism (Table 3).
Approximately 100% of soil respiration could be due to root respiration in the seaward fringing forest
and P fertilized scrub forests, while only 20% of soil respiration can be accounted for by root
respiration in the scrub habitat, the balance (80%) is then attributed to respiration of the
microbial community.

Table 3. Rates of soil respiration in mol C m~2-year ! from mangrove forests of Twin
Cays, Belize and estimates of the components of soil respiration due to root respiration and
respiration of the microbial community.

Forest Type
Budget Components X -
g P Fringe Scrub P fertilized Scrub
Soil Respiration 61.2 34.7 92.7
Root res;_)lra_tlon 64.2 6.9 102.4
(stock x respiration rate)
Microbial respiration (by difference) 30(-5%)  27.8 (80%) 9.7 (-10%)

(% of soil respiration)

That respiration of roots could completely account for soil respiration in both the seaward fringing
forests and P fertilized scrub forest suggests low activity of the heterotrophic microbial community,
consistent with high level of accumulation of organic matter in mangrove ecosystems [1-5]. Our
estimates of the amount of live roots are probably underestimated because under control conditions
(not fertilized) root mortality was not observed during the experiments of McKee et al. [15]. In
Florida, fine to small roots had longevities of 1.7 to 4.4 years [64], indicating that the abundance of
live roots may be much larger than annual production and thus root respiration could be ~2 to 4 times
higher than our conservatively estimated value. Studies in terrestrial forests have also found that root
respiration can be a major component of soil respiration [65]. However, respiration of the microbial
community contributed 80% of the CO2 flux in the scrub habitats. The C sources and nutrients
supporting microbial respiration in the scrub forests are derived from litter and the microbial
mats [37,38] but may also be from the mangrove peat. High rates of CO2 emissions were observed
following clearing of mangroves at Twin Cays [18] suggesting that the peat may be decomposed under
some conditions [66] and also that living tree roots may suppress decomposition of soil organic
matter [67]. Although anoxia due to tidal flooding contributes to slow rates of decomposition of soil C
in mangroves, other factors, potentially associated with productivity of trees, e.g., competition for
limiting P, may also play important roles in suppressing microbial metabolism and thus decomposition
of soil organic matter [67].
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3.4. Carbon Burial

Carbon burial in soils, calculated from annual rates of soil surface accretion and C density of
soils was higher in the seaward fringing forests (17.6 mol C m~2.year?) than in the scrub forests
(2.8 mol C m2-year™) and the P fertilized scrub (12.9 mol C m~2-year?). These were 4.1% of GPP in
the seaward fringe and 2.1% of GPP in both scrub and P fertilized scrub (Table 2).

Carbon burial in soils in the fringing forest and P fertilized scrub trees were similar to the global
mean of 10.8 mol C m~2.year™! [4]. Extrapolation of these rates using the area of habitat on Twin Cays
indicates that the R. mangle dominated fringe and scrub forests sequesters ~27.5 Mg C year ! (or about
100 Mg CO: equivalents per year) which is ~0.02% of the total CO2 emissions of Belize in 2008
(116 Gg of C [68]). Using areas of scrub and tall/fringing mangrove habitat for the whole country of
Belize [69] suggests that nation-wide C burial by these mangrove habitats is 61,600 Mg C year™,
which is ~50% Belize’s nation-wide reported CO2 emissions. The sheer magnitude of the C burial by
mangrove habitats in Belize warrants their conservation and restoration where they have been lost.

By combining our values of C burial with those in the literature [11] and unpublished values, we
found that C burial tends to increase with increasing productivity of the forests (Figure 2). Moreover,
fringing forests in Mexico (similar to Belize) were observed to have higher stocks of soil C in fringe
(987 Mg C ha™*) compared to scrub (381 Mg C ha™?) [28]. These findings indicate that soil C stocks
accumulated over time may be a function of stable, long term patterns in environmental conditions and
productivity over mangrove landscapes in this region.
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Figure 2. Variation in carbon burial with gross productivity of mangrove canopies. Data is
from Alongi [11] (upward triangles), Lovelock et al. [70,71] Moreton Bay, downward
triangles) and this study (scrub and fringe forests are circles, P fertilized scrub a star). The
form of the curve is y = 0.682 x 0.0242x, R? = 0.27.

The proportion of GPP that was buried in the fringing forests (4.1%) was higher than that of the
scrub forest (2.1%), suggesting more favorable conditions for C burial in fringing forests. However,
given the flooded nature of the scrub soils and the low redox potential in these areas [52], we expected
the scrub forests to have higher proportional C burial as anoxia reduces decomposition rates of organic
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matter. Instead, the higher productivity fringing forest had higher proportional rates of C burial.
Alongi [66] has suggested that some, as yet unidentified aspects of productive mangrove forests, may
decrease decomposition of organic matter and increase C burial.

Fertilization with P, despite higher productivity of trees, resulted in a smaller proportional burial of
carbon (2%) compared to the fringing forest (4%). This observation is consistent with lower
proportional allocation of GPP to roots in fertilized plants that has been observed in other “wild”
plants [22]. However, the ratio of root production to GPP is 4% in scrub forest and 6% in both fringing
forests and P fertilized scrub trees. Therefore, rather than differences in proportional allocation to
roots, alternative hypotheses to explain differences in proportional C burial between forests zones and
with fertilization include: (1) Differences in rates of decomposition may be responsible for the reduced
proportional C burial in P fertilized plants compared to fringing forests; or (2) Differences in root
structure may contribute to reduced proportional C burial in P fertilized trees. Using a standardized test
comparing the tensile strength of buried cotton strips, decomposition was found to be enhanced in P
fertilized plots compared to control sites [14], supporting the hypothesis that rates of decomposition
increases with P fertilization. Phosphorus (and iron) limitation of the microbial community has been
suggested previously in other mangrove forests [72]. The addition of excess P may lead to increased
decomposition of soil C and thereby reduce rates of C burial. Variation in root structure in mangroves
has not been described over nutrient gradients and thus remains to be assessed as a factor influencing C
burial in mangroves.

3.5. Variation in Net Ecosystem Production

In the seaward fringing forest, 16% of GPP and 27% of scrub forests GPP could not be accounted
for and thus is assumed to be NEP in the mass balance budget (Table 2). This contrasted with the P
fertilized scrub forest where the budget was balanced within 5% (inputs of fixed C was totally
accounted for in the outputs measured or estimated). Correspondingly, production to respiration (P:R)
ratios in the seaward fringing forest were 1.2, 1.4 and 0.95 for the fringing, scrub and P fertilized
scrub, respectively.

The presence of well-developed surface microbial mats is an important feature of mangrove habitats
contributing both to GPP [38,39] and to reducing diffusion of respired CO2 across the soil surface
thereby leading to under estimations of soil respiration [47,48,68]. Experiments where surface films
were removed (scraped off) indicated that soil respiration increased by approximately 60% compared
to when the surface was intact [47,68,73]. Possibly as a consequence of this reduced rate of diffusion,
very high concentrations of dissolved inorganic C and low pH (6.5) are observed in the soil porewater
(16 mmol in scrub forests compared to 1.5 mmol in the fringe soils [32,38]). These high levels of
dissolved inorganic carbon (DIC) could be due to root respiration as well as decomposition of
microbial (and algal) detritus and also decomposition of soil organic matter derived from mangrove
tissues (Table 1). Bouillon et al. [74] estimated that porewater contributed a large component
(18%—87%) of creek water. The interior ponds at Twin Cays are known to drain through creeks [75].
Photographic evidence indicates drainage of dissolved coloured organic material from the mangrove
islands via creeks and subterranean channels [76]. Additionally, the C isotopic signature (5**C) of
seagrass on the edges of the mangrove islands is 7 per mil less (—14) compared to seagrass associated
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with the nearby coral reef [77]. The low value (8*3C of —14) indicates that seagrass on the edge of the
mangrove are using an additional DIC source that is more negative than that in the seawater and may
be mangrove in origin [78]. Mangroves have a §*C of approximately —26 to —29, while algae and
cyanobacteria are substantially higher [79]. Thus, mangrove root respiration or decomposition of
mangrove derived soil organic matter is likely to contribute to DIC exported from the scrub forests and
interior ponds.

Despite the potential errors using mass balance approaches (because of errors in large fluxes e.g.,
GPP and respiration [11]), our estimates of NEP were similar to that observed in other mangrove forest
C budgets [3,10,11,13]. NEP is proposed to be exported from the ecosystem as DIC rather than
dissolved organic carbon (DOC), which is known to be low [59]. Measurements of NEP of mangroves
in Florida using eddy-covariance techniques gave a value of 97.5 mol m2.year? of which they
estimate 25%-70% of NEP is likely to be exported [80]. This is similar in magnitude to our estimates
of NEP for fringing mangroves in our study (70 mol C m2-year 1) but higher than that measured for
scrub mangroves (35 mol C m2-year™®). Our values of NEP for Twin Cays are slightly lower than
values reported for Australian and Asian mangrove forests which range from
101-178 mol C m2-year* [11,16] and globally, 118 mol C m~2-year ! [10]. Maher et al. [81] bserved
that DIC export from mangroves in subterranean groundwater flow was driven by tidal pumping.
Despite the very low tidal range at Twin Cays (<50 cm), photographic evidence and observed §*C of
adjacent seagrass suggest that export of DIC from porewater is a plausible fate for the unaccounted for
carbon at Twin Cays. Given the area of fringing forests is ~100,000 m? ha and scrub forest and interior
ponds comprise ~190,000 m? of the island vegetation [31], and if we assume 100% of NEP is exported,
annual rates of DIC export from forests at Twin Cays could be 835 Gg-year* for fringing habitats and
809 Gg-year* for scrub forests, indicating that despite lower productivity, scrub forests may be an
important source of exported C. Export of DIC may have influence on other habitats within the lagoon
including the lagoon microbial community, seagrass beds, sponges and coral reefs.

4. Conclusions

There are few detailed C budgets for mangrove forests and the impact of nutrient enrichment, which
is a serious threat in the coastal zone, has not yet been explicitly considered. From our C budget for
Twin Cays, we contribute to the overall understanding of mangrove C cycling by finding that
microbial mats can provide a significant proportion of GPP in scrub habitats, respiration of
aboveground roots and stems may be a significant source of respired C, and that the processes
contributing to soil respiration differ across habitats, with the microbial community making a greater
contribution in the scrub forests than in more productive fringing forests. Additionally, we found that
C burial is a small proportion of GPP (2%-4%) which is correlated with GPP of forests, and which
may, with more data collected over time, lead to development of predictive relationships between GPP
and rates of soil C burial in mangrove ecosystems. But the proportion of GPP that is buried in soils
decreased with fertilization, in this case with P, suggesting that the efficiency of C burial to soils in
these habitats may have declined where nutrient enrichment of the coastal zone has occurred. The
impacts of nutrient enrichment may therefore include reduced soil surface elevation gains, which may
increase vulnerability of mangrove ecosystems to sea level rise. Finally, we find NEP is 16%—-27% of
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GPP, similar to that observed in other mangrove C budgets. Scrub forests may contribute a high
proportion of NEP because of enhanced decomposition of organic matter compared to fringing forests.
There is isotopic evidence to suggest NEP is exported to the adjacent waters around the islands where
it may contribute to productivity of adjacent ecosystems.
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