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Hydroperiod, soil moisture and bioturbation are critical drivers of greenhouse 1 

gas fluxes and vary as a function of landuse change in mangroves of 2 

Sulawesi, Indonesia 3 
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 10 

Abstract 11 

The loss and degradation of mangroves can result in potentially significant sources of atmospheric 12 

greenhouse gas (GHG) emissions. For mangrove rehabilitation carbon projects, quantifying GHG 13 

emissions as forests regenerate is a key accounting requirement. The current study is one of the first 14 

attempts to systematically quantify emissions of carbon dioxide (CO2), nitrous oxide (N2O) and 15 

methane (CH4) from: 1) aquaculture ponds, 2) rehabilitating mangroves, and 3) intact mangrove sites 16 

and frame GHG flux within the context of landuse change. In-situ static chamber measurements were 17 

made at three contrasting locations in Sulawesi, Indonesia. The influence of key biophysical variables 18 

known to affect GHG flux was also assessed. 19 

 20 

Peak GHG flux was observed at rehabilitating (32.8 ± 2.1 Mg CO2e ha-1 y-1) and intact, mature 21 

reference sites (43.8 ± 4.5 Mg CO2e ha-1 y-1) and a dry, exposed disused aquaculture pond (30.6 ± 22 

1.9 Mg CO2e ha-1 y-1). Emissions were negligible at low productivity rehabilitating sites with high 23 

hydroperiod (mean 1.0 ± 0.1 Mg CO2e ha-1 y-1) and an impounded, operational aquaculture pond (1.1 24 

± 0.2 Mg CO2e ha-1 y-1). Heterogeneity in biophysical conditions and geomorphic position exerted a 25 

strong influence on GHG flux, with the longer hydroperiod and higher soil moisture content of seaward 26 

fringing mangroves correlated with decreased fluxes. A greater abundance of Mud lobster mounds 27 

and root structures in landward mangroves correlated to higher flux. When viewed across a landuse 28 

change continuum, our results suggest that the initial conversion of mangroves to aquaculture ponds 29 

releases extremely high rates of GHGs. Furthermore, the re-institution of hydrological regimes in dry, 30 
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disused aquaculture ponds to facilitate tidal flushing is instrumental in rapidly mediating GHG flux, 31 

leading to a significant reduction in baseline emissions. This is an important consideration for forest 32 

carbon project proponents seeking to maximise creditable GHG emissions reductions and removals. 33 

 34 

Key words 35 

GHG emissions; rehabilitation; restoration; aquaculture; intact mangroves; land use, land use change 36 

and forestry (LULUCF). 37 

 38 

Highlights 39 

• We measured CO2, N2O and CH4 fluxes from intact, converted and rehabilitated mangroves. 40 

• Hydroperiod, mangrove cover and management regime controlled GHG fluxes. 41 

• The relative size rather than absolute number of burrows likely influences CO2 efflux.  42 

• Reinstating tidal flow to aquaculture ponds negates baseline GHG emissions.  43 
 44 

 (insert Graphical Abstract)  45 
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1. Introduction 46 

Mangroves can be both significant sources and sinks of greenhouse gases (GHGs) (Mukhopadhyay 47 

et al. 2002), with variation driven by the complex interplay between a number of biophysical factors 48 

which can vary over multiple spatial and temporal scales (Bulmer et al. 2017). Key variables 49 

controlling GHG flux include the relative abundance of macrofauna and macrofaunal burrows 50 

(bioturbation), living root biomass and surface area (lenticels and fine roots), soil temperature, soil 51 

moisture content, geomorphic position, hydroperiod (duration of tidal inundation), and the presence of 52 

benthic biofilms (Chanda 2014; Fuentes & Barr 2015; Lovelock et al. 2011; Leopold et al. 2015). 53 

Additionally, changing from mangroves to other land uses (referred to here as Land Use, Land Use 54 

Change and Forestry, LULUCF) such as aquaculture ponds can fundamentally alter the state of 55 

biophysical variables, affecting both the magnitude and direction of GHG fluxes.  56 

 57 

While a substantial number of studies have assessed GHG flux from healthy mangroves soils and 58 

water bodies (see reviews by Alongi 2009; Kristensen 2007; and Bouillon et al. 2008), there is a 59 

paucity of studies that have quantified either the influence of key biophysical variables or the 60 

magnitude and direction of flux in the context of LULUCF. In particular, few studies have measured 61 

emissions from mangrove systems that have been converted to aquaculture ponds, the major driver 62 

of mangrove deforestation in Southeast Asia through much of the late 20th and early 21st century 63 

(Primavera 2006; Richards & Friess 2016). Quantification of GHG flux dynamics are further 64 

complicated when anthropogenic land uses are then returned to mangrove forest, either through 65 

natural colonization or via assisted rehabilitation. More data is needed to assess whether 66 

rehabilitation is a viable land management intervention to minimise on-going emissions as well as 67 

drive carbon (C) sequestration over time as forests regenerate, thus securing tangible GHG 68 

emissions reductions and removals.   69 

 70 

This study addresses such knowledge gaps through quantifying, comparing and contrasting GHG 71 

fluxes across gradients of biophysical variables and LULUCF categories. We aim to firstly assess the 72 

influence of selected biophysical variables on GHG flux, specifically hydroperiod, soil temperature, 73 

soil water content, macrofaunal burrows, Mud lobster mounds and lenticel (e.g. pneumatophores and 74 

knee roots) density. Secondly, we frame GHG emissions within a continuum of LULUCF from (a) 75 
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natural, reference mangrove forests; (b) aquaculture ponds converted from mangroves; and (c) 76 

disused aquaculture ponds that have undergone rehabilitation in order to assess the direction and 77 

relative magnitude of flux change. With regard to the biophysical influences on mangrove GHG 78 

emissions, we hypothesize that sediment temperature has a minimal impact on GHG fluxes in these 79 

tropical locations, with longer hydroperiod and higher soil moisture content more important factors in 80 

mediating GHG efflux consistent with studies by Leopold et al. (2015) and Hien et al. (2018). 81 

Additionally, we propose that a greater abundance of macrofaunal burrows, mud lobster mounds and 82 

root structures is positively correlated with enhanced GHG efflux (see Alongi 2014 and Bouillon et al. 83 

2008) in high canopy coverage mangroves. We also postulate that LULUCF results in marked 84 

differences in GHG emission profiles between land uses, with highest emissions from dry, tidally 85 

disconnected aquaculture ponds overlaying organic soils (see Sidik & Lovelock 2013) and lowest 86 

emissions from hydrologically connected, long-hydroperiod (Leopold et al. 2015) rehabilitating sites of 87 

low mangrove cover. Additionally, we postulate that the reinstitution of functioning hydrological 88 

regimes via the breaching of pond walls is a simple but crucial intervention which almost immediately 89 

mediates GHG flux from dry, exposed and oxidising aquaculture ponds. 90 

 91 

2. Materials and Methods 92 

2.1 Study locations 93 

This study assessed GHG flux from 12 distinct sites at three contrasting locations in Sulawesi, 94 

Indonesia; Kurri Chadi, Tanakeke Island, and Tiwoho (Figure 1, Table 1). Mangroves at these 95 

locations were converted to aquaculture ponds, with the coastal fringing aquaculture ponds of Kurri 96 

Chadi on the mainland of South Sulawesi in a state of disuse at the time of assessment. At Tanakeke 97 

and Tiwoho, ponds operated for a number of years before falling into disuse. Ecological Mangrove 98 

Rehabilitation (EMR) – the promotion of natural colonisation by improving hydrology (Lewis 2005) – 99 

was conducted in 2005 at Tiwoho and 2010 on Tanakeke Island. Despite similar management 100 

histories, the EMR sites differ markedly in biophysical settings and productivity. Tanakeke is an 101 

oceanic, over-wash atoll with shallow coralline sandy substrates exhibiting low mangrove biomass 102 

and low species diversity. Tiwoho in contrast is a riverine influenced system with deeper organic soils, 103 

higher mangrove biomass and higher species diversity. 104 

 105 
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(insert Table 1 and Figure 1) 106 

 107 

2.2 Greenhouse gas flux measurements 108 

A photoacoustic infra-red gas analyser (INNOVA 1412i, LumaSense Technologies, Inc., CA, USA) 109 

was used to assess soil derived GHG fluxes in-situ. This instrument simultaneously measures the 110 

concentration of four gases (CO2, N2O, CH4, NH3+) and water vapour (for band broadening 111 

corrections). Prior to use in the field, the instrument was calibrated for each gas species using Zero 112 

Air (blank) and two certified standards of different concentrations in either air or dinitrogen gas. 113 

 114 

The INNOVA was secured to a stable platform and shaded from direct radiation. For sediment – air 115 

efflux measurements, four replicate, non-absorbent transparent plastic chambers with airtight lids 116 

were arranged in a semi-circle at each site around the analyser separated by no less than 1 m and 117 

inserted 4 cm into the substrate prior to measurement. Care was taken when installing the chambers 118 

to ensure a standard headspace volume of 1,774.5 cm3. Gases were pumped in a closed loop from 119 

the chamber to the analyser using Bev-A-Line tubing (volume 75.5 cm3), with a small inlet feeding 120 

back into the chamber to compensate for air that was pumped out. The lid of each chamber was fitted 121 

with a small fan that ensured air was mixed within the chamber. Chambers were shaded from the sun 122 

to avoid artificially inducing thermal heating known to stimulate microbial respiration. While no 123 

emergent lenticels (pneumatophores, knee roots) were enclosed within chambers, underground root 124 

structures below the depth of chamber collars (4 cm) were present and autotrophic respiration (Ra) 125 

from fine root aerenchyma can be a significant component of CO2 efflux from soils (Lovelock et al. 126 

2006). Water–atmosphere effluxes were measured during flood tides using a floating chamber, with 127 

chambers inserted into the centre of a buoyant flutter board which was tethered to avoid movement 128 

during measurement cycles. Chambers were measured individually and were left to accumulate 129 

gases for between 20 and 30 minutes per cycle, with air samples extracted and measured by the 130 

INNOVA every 2 minutes. At the end of each cycle, measurements resumed on the adjacent chamber 131 

within the array.   132 

 133 
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GHG flux was calculated from a linear regression of gas concentration within the chamber over time. 134 

Only regressions with r2 values ≥ 0.8 were used for flux calculations (95% of measurements) from all 135 

gases and all sites following Bulmer et al. 2017.   136 

 137 

GHG efflux rate (Fx) was calculated as: 138 

 139 

Fx = (P × V) × �∆GHG
∆t

� /(R × S × T)    (Equation 1); 140 

 141 

Where P is the initial atmospheric pressure (kPa), V is the volume of the chamber and tubing adjusted 142 

for the depth inserted into sediment (cm3), R is the ideal gas constant (8.314 Pa m3 K-1 mol-1), S is the 143 

surface area covered by each chamber, T is initial air temperature (°C), and ∆GHG / ∆t is the change 144 

in GHG concentration over time (∆t) based on the slope of linear regression models.  145 

 146 

GHG efflux estimates (Mg m2 h-1) were converted to Mg CO2e ha-1 y-1 to enable commensurability with 147 

greenhouse gas inventories used in policy discourse through use of a common unit of measurement. 148 

While exchange between mangroves and the atmosphere is smaller by orders of magnitude for CH4 149 

and N20 than CO2 (Howard et al. 2014), they are far more potent greenhouse gases than carbon 150 

dioxide and N2O and CH4 efflux values are multiplied by their global warming potentials of 298 and 25 151 

respectively (Forster et al. 2007). 152 

 153 

2.3 Spatial zonation of sites based on soil typologies 154 

Most sites varied substantially in the spatial heterogeneity of soils with at least several distinct 155 

typologies that differed in biophysical characteristics such as the relative abundance of 156 

macroinvertebrates (as indicated by bioturbation mounds and burrows), root structures, or the 157 

presence / absence of biofilm. Differences in soil typologies within sites required an estimation of 158 

proportional area to derive GHG flux values scaled at a site level. Where mangrove canopy coverage 159 

was limited (i.e. Ponds 1KC, Ponds 2KC, Rehab 1TI and Rehab 2TI in Tanakeke and Ponds 3TW in 160 

Tiwoho) the proportional area of each soil typology was demarcated and delineated using GIS 161 

analysis. Mangrove canopy coverage was extensive at all reference and Tiwoho EMR sites, however. 162 

At these sites, a ground survey was conducted using 15m * 15m grids centred around the 163 
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assessment area and at each 1m interval the soil type was recorded (No. sample points = 225) which 164 

enabled an estimate of proportional representativeness. Once the spatial heterogeneity of soil types 165 

within sites was delineated, in-situ chambers were set up accordingly to capture proportional 166 

representation.      167 

 168 

2.4 Accounting for inundation periods  169 

Instruments for measuring water level and barometric pressure (Rugged TROLL® Data Logger, In-Situ 170 

Inc., Bingen, USA) were installed at each site where tidal inundation occurred. Loggers recorded data 171 

over the course of 2 months at both Tanakeke and Tiwoho locations, which enabled multiple spring 172 

and neap tidal cycles to be captured. Data results were extrapolated to assign annual inundation 173 

frequencies (hydroperiod). A multiplier of 0.7154 (average fraction of inundated to exposed soil CO2 174 

flux, Alongi 2014) was then applied at all Tiwoho sites and Ref 1TI to scale GHG efflux in order to 175 

account for inundation periods. This also assumes that there are no differences in molecular gaseous 176 

diffusion rates between CH4, N2O and CO2. Water – atmosphere GHG exchange was directly 177 

measured from Ponds 1TI, Rehab 2TI and Rehab 3TI within the Tanakeke assessment locations using 178 

a floating chamber apparatus.  179 

 180 

2.5 Macrofaunal burrows, Thalassina mounds and tree root structures  181 

Estimates of burrow and root abundance were derived through establishing 50 cm X 50 cm grids (250 182 

cm2) in replicate plots randomly allocated for each soil type identified within a given site. At Tiwoho 183 

sites, burrows were also divided into three size classes based on diameter: 0 - 1 cm, 1 - 3 cm, and >3 184 

cm. Burrow counts were then averaged and multiplied by 4 to provide average estimates per m2. As 185 

each soil typology identified within the confines of a site typically differed markedly in the quantity of 186 

roots and burrows, we scaled burrows and root counts proportionate to the relative % coverage of 187 

each soil type to estimate mean root and burrow counts on a site wide basis. Thalassina mounds 188 

were counted in 3 replicate 10 m X 10 m quadrats for each Tiwoho location.     189 

 190 

2.6 Volumetric water content and temperature  191 

Volumetric water content (VWC %), a measure of soil moisture, and soil temperature was measured 192 

using a Fieldscout Soil Moisture Sensor / Reader (Spectrum Technologies, Inc., Illinois, USA). The 193 
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probe was inserted into soil to a depth of ~ 4 cm immediately adjacent to each chamber, with 194 

measurements taken at the start of each incubation period.  195 

 196 

2.7 Statistical analysis 197 

We applied both a Kolmogorov – Smirnov and Shapiro – Wilk test of normality before performing 198 

logarithmic data transformation. GHG flux data was arranged based on mean values for each GHG 199 

per chamber measurement, with a three-way ANOVA applied to compare GHG flux and biophysical 200 

variables between (a) sites; (b) ‘treatments’ (1. Mature reference sites; 2. Aquaculture ponds; 3. 201 

Rehabilitating sites); and (c) sites and treatments. A post – hoc Tukey honestly significant difference 202 

(HSD) was applied to identify sources of significant differences where results showed such. We also 203 

performed a distance based redundancy analysis (dbRDA) using Primer Version 7.0.13 (Quest 204 

Research Limited). GHG emissions results and biophysical variables were log transformed and 205 

normalised. The dbRDA is based on a Euclidean distance matrix of GHG flux (CO2, N2O, and CH4) 206 

and there was no collinearity between biophysical variables. The significance threshold (p) was set at 207 

0.05 for all tests.      208 

 209 

3. Results 210 

3.1 GHG flux as a function of landuse 211 

There were clear and significant differences in GHG flux between treatments, with reference forests 212 

generally exhibiting higher emissions while efflux from ponds and rehabilitating sites was more similar 213 

(Table 2). Similarly, there were significant differences in overall GHG flux when results are nested to 214 

compare location (Tanakeke, Kurri Chadi, Tiwoho) and treatment (reference forests, ponds and 215 

rehabilitating sites. Table 3). Tiwoho’s reference forests generally emitted the highest rates of GHGs 216 

while Tanakeke’s rehabilitating sites the least.  217 

 218 

Mean CO2 flux from the three mature reference sites (Ref 1TI, Ref 2TW, Ref 3TW) ranged from 8.1 ± 1 to 219 

28 ± 2.3 Mg CO2 e ha-1 y-1 (Table 2). The highest CO2 and N2O emissions were observed in the more 220 

landward Ref 2TW site, with this site emitting over twice as much CO2 as the seaward fringing Ref 3TW. 221 

However, CH4 flux from Ref 3TW (34.9 ± 4.5 Mg CO2e ha-1 y-1) was extremely high and comprised 79 222 

% of the sites overall GHG emissions profile (Table 2, Figure 2). Total GHG flux from Ref 2TI was 14.8 223 
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Mg CO2e ha-1 y-1 higher and significantly different than Ref 1TW. Ref 1TI also displayed a higher VWC 224 

% and more viscous soils than either Ref 2TW or Ref 3TW. 225 

 226 

There was significant variability in GHG fluxes from the aquaculture ponds assessed. Pond 1KC, the 227 

active, inundated site, had phototrophic micro- and macro-algae present throughout the water column 228 

which resulted in a weak overall CO2 source after diel respiration was accounted for. CH4 emissions 229 

comprised over half of total GHG emissions, with overall emissions negligible (1.1 ± 0.2 Mg CO2e ha-1 230 

y-1). In contrast, GHG emissions from the dry, exposed soils of Pond 2KC located immediately adjacent 231 

to Pond 1KC were significantly higher than all other aquaculture sites. Given the complete removal of 232 

vegetation, CO2 efflux at this pond was entirely derived from heterotrophic respiration (Rh) and 233 

contributed the vast majority of GHG emissions (25.6 ± 1.6 Mg CO2e ha-1 y-1 or 83.6% of total 234 

emissions). N2O and CH4 contributed almost equal proportions (~8-9%) of remaining emissions and 235 

both GHG’s had very similar flux profiles to Pond 3TW. CO2 efflux (11.3 ± 0.6 Mg CO2e ha-1 y-1) from 236 

Pond 3TW was also Rh derived. Unlike the other aquaculture pond sites, the degradation of sluice 237 

gates facilitated partial tidal inundation and had created soil conditions conducive to the establishment 238 

of macrofaunal communities (burrow density 71.4 ± 9.6 m-2). Non-CO2 effluxes of N2O and CH4 239 

comprised the remaining 33.5% of overall GHG emissions from this site.     240 

 241 

Rehab 1TI and Rehab 2TI shared very similar GHG profiles with negligible overall emissions (1.1 ± 0.1 242 

and 0.8 ± 0.2 Mg CO2e ha-1 y-1 respectively, Table 2). Rehab 3TI, a more developed site with greater 243 

canopy coverage, had higher and significantly different CO2 and CH4 efflux resulting in overall 244 

emissions of 18.8 ± 1.6 Mg CO2e ha-1 y-1. Rehab 4TW, Rehab 5TW and Rehab 6TW displayed markedly 245 

uniform overall GHG emissions profiles with little difference in rates of CO2 and N2O flux. CH4 efflux, 246 

however, was higher for Rehab 4TW (4.9 ± 0.7 Mg CO2e ha-1 y-1) and similar to CH4 emissions from 247 

Rehab 3TI.  248 

 249 

3.2 GHG fluxes and biophysical variables  250 

Effluxes of CO2 and N2O across all sites and treatments showed a clear positive correlation (r2 = 251 

0.81), with Tiwoho’s three rehabilitation sites all displaying both high comparative CO2 and N2O flux 252 

(Figure 2d). In contrast, Tanakeke’s low mangrove coverage rehabilitation sites (Rehab 1 and 2TI) and 253 
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the inundated Pond 1KC displayed negligible emissions of either GHG. The CO2: CH4 and N2O: CH4 254 

ratios displayed no correlation across all sites with r2 values of 0.001 and 0.01 respectively. 255 

 256 

When sites were categorised by location and biophysical setting, the average number of macrofaunal 257 

burrows per m2 was significantly different between Tanakeke’s low mangrove coverage but tidally 258 

inundated sites (average = 82.4 ± 4.8 m2 for Rehab 1TI and Rehab 2TI) compared with the high 259 

mangrove coverage, tidally inundated sites (average 237.1 ± 16.3 burrows m2, Rehab 3TI and Ref 1TI), 260 

while CO2 efflux was also positively correlated with the number of macrofaunal burrows (linear r2 = 261 

0.75) from these four sites. The three more landward, Ceriops tagal and Bruguiera gymnorrhiza 262 

dominated sites in Tiwoho (Rehab 4TW, Rehab 5TW, and Ref 2TW) had a lower abundance of 263 

macrofaunal burrows (average 86.8 ± 12.8 m2) than the two seaward, Rhizophora apiculata 264 

dominated sites (average of 120.6 ± 8.7 m2 for Rehab 6TW and Ref 3TW) and a slightly lower average 265 

proportion of root structures (55.4 ± 3.3 m2 vs. 71.7 ± 9.5 m2). However, Tiwoho’s landward 266 

mangroves exhibited much higher average counts of burrows with a diameter of > 3 cm than seaward 267 

sites (8.6 ± 6.1 m2 vs. 1.6 ± 2.3 m2. Figure 4). The number of Thalassina mounds from Tiwoho was 268 

also positively correlated with CO2 flux in vegetated rehabilitating and reference sites (r2 = 0.44), with 269 

higher densities observed in landward sites (average of 34.4 ± 5.9 100 m2, Ref 2TW and Rehab 4 and 270 

5TW) than seaward sites (11.5 ± 5 100 m2 Ref 3TW and Rehab 6TW). Ponds 3TW, the non-vegetated but 271 

partially inundated aquaculture pond, had the highest overall densities of mounds at 49.5 ± 5.5 100 272 

m2. CO2 efflux was moderately correlated with the relative abundance of root structures (r2 = 0.48) but 273 

there was no clear relationship between CO2 efflux and the proportion of macrofaunal burrows overall.           274 

 275 

Hydroperiod, the percentage of time sites are tidally inundated, showed a generally negative 276 

correlation with CO2 efflux and overall GHG emissions (r2 = 0.5 and 0.56), with the over-wash, low 277 

lying mangroves of Tanakeke’s Rehab 1 and 2TI displaying lowest CO2 and GHG emissions but the 278 

longest hydroperiod (40.3 %). The VWC % was also weakly correlated with CO2 efflux (r2 = 0.11) 279 

where sites with less tidal inundation displayed generally drier soils and higher emissions (e.g. Rehab 280 

4, 5 and 6TW) relative to sites with greater tidal inundation and wetter soils (e.g. Rehab 1, 2, 3TI). While 281 

soil temperature fluctuated diurnally by up to 9°C during the course of a day at some sites, this was 282 
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not correlated to CO2, N2O or CH4 efflux and daily average temperatures across all sites only varied 283 

by 5.4°C.  284 

 285 

The dbRDA analysis was used to examine the importance and relative influence of biophysical 286 

variables on GHG flux, with marginal tests revealing that Mud lobster mounds explained 12% (p 287 

=0.001), tree roots 9% (p = 0.001), hydroperiod 3.6% (p = 0.027), VWC 3.1% (p =0.051), and crab 288 

burrows 2.9% (p = 0.043) of variance in GHG flux (Figure 3). Temperature did not explain a significant 289 

proportion of GHG flux (0.3%, p = 0.762). 290 

 291 

(insert Tables 2 and 3 and Figures 2, 3 and 4) 292 

 293 

4. Discussion 294 

4.1 GHG flux variation as a function of differences in biophysical variables 295 

In general, GHG flux was highest where mangrove canopy coverage was high (reference sites and 296 

the rehabilitating sites of Tiwoho), or where exposed conditions facilitated high rates of oxidation and 297 

mineralisation (Ponds 2KC). Flux was lowest on bare, sandy and tidally inundated soils with limited 298 

regrowth (Rehab 1 and 2TI) or under impounded conditions (Ponds 1KC). We found that that the 299 

variable biophysical conditions that characterise individual sites and treatments exerted a strong 300 

influence on GHG fluxes, with longer hydroperiod and higher soil moisture content correlated with 301 

decreased GHG efflux and Mud lobster mounds and tree root structures associated with higher efflux 302 

(Figure 3). However, the total number of macrofaunal burrows for a given site showed no correlation 303 

with GHG efflux. There were relatively limited fluctuations in temperature between sites and 304 

subsequently no substantial differences in observed fluxes were attributable to temperature (Tables 2 305 

and 3). Similarly, variation in temperature caused by seasons is unlikely to be a key controlling factor 306 

given the tropical setting of all locations (between 1°N and 5°S of the equator). Gradients of 307 

biophysical variables and their influence on GHG fluxes are described with reference to each 308 

treatment below. 309 

 310 

4.1.1 Reference forests  311 
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Variation in GHG flux between mature reference sites is most likely related to geomorphic position 312 

and biophysical settings, with lower CO2 fluxes observed in the more seaward, longer hydroperiod 313 

sites of Ref 1TI and Ref 3TW than the landward site of Ref 2TW (Figure 2a and Figure 3). While there 314 

was little difference in VWC % between Ref 2TW and Ref 3TW, the soils of Ref 1TI contained a greater 315 

volume of pore water, reflective of its geomorphic position (over wash mangroves) and greater 316 

duration of tidal inundation (28%, Table 2). In tropical latitudes, soil moisture content (as a function of 317 

rainfall and hydroperiod) as well as tidal inundation may be more important factors than temperature 318 

in driving variations in CO2 flux (Leopold et al. 2015). The longer exposure time to the air associated 319 

with shorter hydroperiods in landward mangroves results in drier sediments and higher rates of CO2 320 

flux (Hien et al. 2018), while tidal inundation itself also mediates atmospheric exchange. This is 321 

evident by the large number of observations indicating that CO2 release from mangrove soil surfaces 322 

are significantly greater for exposed than inundated soils (Alongi 2014). These differences reflect that 323 

(a) gases have a faster molecular diffusion than fluids; and that (b) openings (e.g. crab burrows, root 324 

fissures) are replenished with air during exposure which increases the available surface area for 325 

aerobic respiration and chemical oxidation (Alongi 2009; Alongi 2014; Bouillon et al. 2008).  326 

 327 

However, no such correlation could be attributed to the relative abundance of macrofaunal burrows or 328 

root structures. The relative density and abundance of burrows, Mud lobster (genus Thalassinidea) 329 

mounds, and living roots are known to positively influence GHG efflux from mangrove soils by acting 330 

as conduits for gaseous exchange (Alongi 2014; Bouillon et al. 2008). In contrast, atmospheric O2 331 

may only penetrate the top few mm of sediments in areas not subject to bioturbation. Similarly, 332 

mangrove root structures (e.g. knee roots of Bruguiera gymnorrhiza and Ceriops tagal and 333 

pneumatophores of Sonneratia spp. and Avicenna spp.) provide microscopic porous fissures through 334 

which GHGs can escape to the surface.  335 

  336 

Ref 2TW exhibited lower burrow and root densities but higher CO2 effluxes, confounding our stated 337 

hypothesis. However, the site also had a much higher proportion of burrows >3 cm in diameter as well 338 

as a much higher density of Mud lobster mounds in comparison to Ref 3TW (Figure 4). One inference 339 

is that drier, less viscous and more easily friable landward soils create habitat favourable for larger 340 

crabs and Mud lobsters. Correspondingly, the size, depth and complexity of larger burrows and 341 
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mounds may be disproportionately more important in driving CO2 efflux than are overall numbers of 342 

burrows. Larger, more complex and deeper cavities created by bigger crabs and Mud lobsters 343 

corresponds to a greater surface area and volume available for O2 penetration, C oxidation and 344 

gaseous exchange. The influence of size and depth on rates of gaseous exchange may well be 345 

logarithmic in scale as smaller burrows, with less depth and soil penetration, require a greater number 346 

to equal the same surface area and volume of a single large burrow. Such factors are important given 347 

the small-scale area associated with chamber-based measures of efflux, but the relationship of efflux 348 

to the relative size of macroinvertebrates requires more empirically verified research.  349 

 350 

N2O flux from reference sites assessed in this study was at the lower end of reported observations 351 

from intact mangrove forests (range -1.08 - 15.8 Mg CO2e ha-1 yr-1, Alongi 2009), indicative of healthy 352 

systems with no signs of excess nitrate loading (Figure 2a). The same sites, however, displayed wide 353 

variation in CH4 fluxes, switching from net sources to net sinks as conditions alternately favour 354 

methanogens (emissions generated by methane producing bacteria) or methanotrophs (prokaryotes 355 

that metabolize methane) even within the confines of the same chamber during the course of a day’s 356 

measurement (range -1.8 – 57.5 Mg CO2e ha-1 y-1). The particularly high CH4 emissions observed 357 

from Ref 3TW can most likely be explained by freshwater influx, with salinity considered the most 358 

important factor controlling rates of release (Poffenbarger et al. 2011) due to substrate competition 359 

between methanogens and methanotrophs (Li & Mitsch 2016). Rainfall was incessant at this site and 360 

salinity levels were subsequently diluted, facilitating sulphite reduction which favours methanogenic 361 

bacteria over methanotrophs. It is therefore likely that the extreme values recorded were a temporally 362 

localised anomaly. Similarly, CO2 efflux could also have been suppressed or inhibited at Ref 3TW by 363 

sheet surface flow. 364 

 365 

4.1.2 Aquaculture ponds 366 

The key factor controlling CO2 efflux between aquaculture pond sites was relative tidal inundation and 367 

the impoundment of water. Emissions were lowest in the impounded conditions of Pond 1KC, far 368 

higher in the dry, exposed conditions of Pond 2KC, while the partially inundated Pond 3TW fell between 369 

the two (Figure 2b and Figure 3). 370 

 371 



14 
 

The impounded surface of Pond 1KC, a periodically farmed pond in South Sulawesi displaying 372 

eutrophic conditions, formed a weak C sink where high photosynthetic algae content within the water 373 

column and on the pond surface resulted in overall net sequestration. C accumulation in eutrophic 374 

impoundments can be relatively substantial as they receive allochthonous carbon through erosion of 375 

pond walls and autochthonous carbon through nutrient-driven primary productivity of algae (Ahmed et 376 

al. 2017). Excess organic matter, uneaten feed, detritus and excrement of culture species 377 

accumulates as sludge deposits in underlying soils and is not mobilised and dispersed to adjacent 378 

areas due to the lack of adequate tidal exchange. C buried in sludge deposits exhibits very high rates 379 

of preservation due to nearly continuous sediment anoxia (Ahmed et al. 2017) as inundated soils 380 

inhibit C oxidisation. This observation is consistent with Boyd et al (2010), where sediment cores from 381 

233 aquaculture ponds worldwide were analysed and an average C burial rate of -5.5 Mg CO2e ha-1 382 

year-1 for brackish water ponds derived. Pond surface and water column C sequestration, however, 383 

was counterbalanced by high CO2 emissions from pond walls and exposed areas as well as CH4 384 

efflux which resulted in the pond being an overall weak source of GHG emissions.  385 

 386 

In contrast, in the context of disused ponds such as the adjacent Pond 2KC where impounded water 387 

has been drained, atmospheric GHG emissions can be substantial. CO2 emissions at this site are 388 

derived purely through the Rh of microbial communities as organic laden sediments are denuded, with 389 

the lack of tidal exchange rendering the site unsuitable habitat for the establishment of macrofaunal 390 

communities (evident by the lack of burrows). CO2 efflux at Pond 2KC is higher than rates reported 391 

from aquaculture ponds in Bali (18.8 Mg CO2 ha-1 year-1; Sidik and Lovelock. 2013) and the 392 

Philippines (15.9 Mg CO2 ha-1 y-1; Castillo et al. 2017a) and approaches stabilised rates recorded from 393 

cleared mangroves in Belize (29 Mg CO2e ha-1 y-1; Lovelock 2011) and Tanzania (25.5 Mg CO2e ha-1 394 

y-1; Gillis et al. 2017).  395 

 396 

While CO2 efflux from Pond 3TW is also derived through Rh given the lack of vegetative establishment, 397 

the partial influx and pooling of tidal water across the ponds interior results in a higher VWC% (when 398 

compared to the drier soils of Ponds 2KC) which may mediate flux. Tidal influx also creates conditions 399 

conducive to the establishment of macrofaunal communities, with this site being the only pond 400 

harbouring any crab burrows or Mud lobster mounds. Mud lobster mounds here were also higher than 401 
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in any other reference or rehabilitating site in Tiwoho, possibly because of a lack of niche competition 402 

or predation given no mangrove vegetation was present.     403 

 404 

4.1.3 Rehabilitating sites 405 

While geomorphic position and biophysical characteristics were variable between Tanakeke and 406 

Tiwoho rehabilitation sites, a clear linear correlation can be drawn between canopy coverage as a 407 

function of regrowth over time and CO2 efflux (Figure 3). As mangrove forests grow and develop, CO2 408 

efflux increases in concert with the deposition of organic sediments. The structural complexity of root 409 

structures and consequent sediment trapping ability increases as a mangrove community matures 410 

(Lunstrum & Chen 2014; Marchand 2017; Alongi et al. 2004). This facilitates habitats suitable for a 411 

more diverse, greater range of heterotrophic organisms as well as increasing soil Ra from mangrove 412 

roots.     413 

    414 

Rehab 1 and 2TI, for example, are young sites (4 years post – rehabilitation at the time of assessment) 415 

with very low and sporadic mangrove coverage. Consequently, no CO2 efflux was derived from 416 

mangrove Ra sources and both sites had negligible GHG emissions profiles (Figure 2c). The sites are 417 

also less than 1 m above mean sea level resulting in a long hydroperiod (40.3%) which tends to inhibit 418 

overall flux. Additionally, as pond walls have been breached and tidal over-wash conditions 419 

reinstated, it has facilitated the development of a very fine, microscopic layer of photosynthetic biofilm 420 

across the sandy plateau of the ponds interior. Biofilm matts can act not only as barriers to the flux of 421 

Rh derived CO2 from deeper sediment layers by forming semi-permeable extracellular polymeric 422 

substances (Leopold et al. 2013), but may also function as a weak CO2 sink if they are phototrophic.  423 

  424 

In contrast, the older Rehab 3TI site exhibits high canopy coverage with CO2 efflux also derived from 425 

Ra. The sediment capture function characteristic of mangrove environments has also re-established in 426 

unison with re-growth. Satellite imagery backdated to 2004 shows that the floor of this pond once 427 

exhibited shallow, sandy loam, coralline derived material of the same type evident in the interior of 428 

Rehab 1 and 2TI. Soils at this site are now overlain with organically richer, deeper sediments to a 429 

depth of ~95 cm as mangroves have regenerated. Consequently, the site now harbours conditions 430 

favourable to the development of macrofaunal communities as evident by the high number of burrows 431 



16 
 

observed, resulting in higher rates of Rh derived CO2 production than the younger soils of Rehab 1 432 

and 2TI.  433 

 434 

Similarly, the high mangrove cover of Tiwoho’s rehabilitating sites results in CO2 emissions derived 435 

from both Ra and Rh sources, although overall efflux was substantially higher than Rehab 3TI. This is 436 

most likely attributable to differences in geomorphic positon and biophysical settings. The over-wash 437 

conditions and greater hydroperiod probably mediate CO2 efflux at Ref 3TI despite the much higher 438 

abundance of macrofaunal burrows (Figure 3). At an intra-location level, while Tiwoho’s three 439 

rehabilitation sites share a similar coastal fringing geomorphic setting they differ in terms of 440 

topography and hydroperiod (landward vs. seaward sites). Overall numbers of macrofaunal burrows 441 

are similar between sites, but the number of larger (>3 cm diameter) burrows as well as the relative 442 

density of Mud lobster mounds is substantially higher in the landward sites of Rehab 4TW and Rehab 443 

5TW than they are in Rehab 6TW. Given that all three sites exhibit similar CO2 efflux profiles, this 444 

indicates that Rh is a more significant component of overall soil CO2 respiration in landward sites than 445 

seaward sites.        446 

 447 

Rates of methane production from both Rehab 3TI and Rehab 4TW were similar and comparatively 448 

high, particularly in comparison to the younger Rehab 1 and 2TI sites and respective reference forests 449 

(Ref 1TI and Ref 2TW). One inference is that CH4 production (and CO2 respiration) in some mangrove 450 

forests is closely related to age and the stage of development. Forest floor respiration often peaks 451 

when forests are young, not old (Pregitzer and Euskirchen. 2004) as a result of enhanced below 452 

ground allocation of C to support growth and development. Fine roots of developing mangrove forests 453 

may either respire CO2 via aerenchyma directly into surrounding soils or form a constituent C source 454 

for the production of root exudates. Root exudates are a labile C source more easily absorbed via 455 

digestion by methanogenic bacteria (Girkin et al. 2018), rather than leaf litter or allochthonous carbon 456 

sources which may form a greater proportion of soil C in mature forests.  457 

 458 

4.2 Fluctuations in GHG emissions as a function of LULUCF 459 

Transitions in LULUCF from the range of sites assessed in this study as well as data from the same 460 

sites assessed by Cameron et al. (2018 in press) resulted in (1) highest rates of C loss from 461 
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sediments and biomass where mature mangroves are initially converted to aquaculture ponds; (2) low 462 

rates of GHG emissions where aquaculture ponds are impounded and operational but high rates 463 

where ponds are exposed and dry before they undergo rehabilitation; and (3) generally higher GHG 464 

emissions in younger, developing mangroves than older, mature forests. These LULUCF scenarios, 465 

and the implications for policy and management responses, are discussed with reference to Table 4.   466 

 467 

4.2.1 Mature reference forests to aquaculture ponds 468 

Conversion of mature forest to aquaculture ponds at both Tanakeke and Tiwoho sites resulted in very 469 

high rates of C loss in biomass and soils (Cameron et al. in press). Tanakeke’s Rehab 1TI site (used 470 

as a proxy to estimate loss from conversion of mangroves to ponds given the sites young age post- 471 

rehab and lack of soil or biomass development) is estimated to have lost 471.2 ± 53.7 Mg C ha-1 at a 472 

flux rate of 96.2 ± 10.9 Mg CO2e ha-1 y-1 when compared to Ref 1TI (1a), while Tiwoho’s EMR sites 473 

(1b) have lost an average of 222.6 ± 54.4 Mg C ha-1 at a flux rate of 58.4 ± 9.1 Mg CO2e ha-1 y-1 in 474 

comparison to both reference forests (Cameron et al. in press). Rates of loss from both systems are 475 

similar to other observations of mangroves converted to aquaculture ponds (Kauffman et al. 2014 and 476 

Castillo et al. 2017b. Table 4), but less than half of the emissions observed from C rich soils in Brazil 477 

(191.4 – 229 Mg CO2e ha-1 y-1. Kauffman et al. 2018). Rates of loss for the Tiwoho sites in this study 478 

are likely an underestimate as they only account for the top 1 m of soil loss, while C emission rates 479 

are also modelled linearly (i.e. averaged over time) and calculated as total loss from time of initial 480 

conversion to the implementation of EMR activities. Of importance, modelling rates of C release is 481 

likely to follow a negatively exponential or logarithmic curve overtime where C losses are high upon 482 

initial conversion and disturbance before tapering off and stabilising (Pendleton et al. 2011). This 483 

observation was empirically verified by Lovelock et al. (2011) and Lang’at et al. (2014), where initial 484 

rates of CO2 efflux from the degradation of organic carbon stored in fine root materials were rapid and 485 

driven by increased microbial activity stimulated by higher sediment temperatures following the loss of 486 

canopy cover before eventually stabilising. It’s also important to note differences between using stock- 487 

change and in-situ gas exchange approaches for estimating CO2 efflux over time from mangrove 488 

conversion to aquaculture ponds. Not all organic soil C is mineralised as Rh in-situ, rather estimates of 489 

stock- loss of C is also indicative of the physical loss and lateral movement of upper sediment layers 490 

through erosion into adjacent repositories as mangroves are cleared and soils exposed.  491 
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 492 

4.2.2 Aquaculture ponds to rehabilitation  493 

Where LULUCF transitions from the impounded conditions of Pond 1KC through to rehabilitation where 494 

pond walls are broken down to facilitate tidal regimes as occurred in Rehab 1 and 2TI (2a, noting 495 

limitations in reference applicability given differing geomorphological settings), net GHG flux change 496 

would likely remain minimal (0.2 ± 0.1 Mg CO2e ha-1 y-1). It is probable, however, that CO2 emissions 497 

would initially significantly increase as previously impounded pond floors are subsequently drained 498 

through breaching. This exposes accumulated sludge deposits to oxidation during periods of low tide 499 

before efflux eventually stabilises over time as remaining organic matter is progressively oxidised and 500 

phototrophic biofilms establish.  501 

 502 

The implications of strategically breaching pond walls to facilitate tidal influx when ponds are dry and 503 

exposed can be profound when considering potential reductions in baseline emissions. Rehab 1and 504 

2TI can effectively be considered a proxy for determining baseline conditions at the stage where pond 505 

walls are first breached and tidal regimes reinstated given the lack of established vegetative cover 506 

and any CO2 flux attributable to Ra (2b). If tidal regimes were reinstated at Ponds 2KC, net GHG flux 507 

change may equate to baseline emissions removals of -29.7 ± 1.8 Mg CO2e ha-1 y-1. The reinstitution 508 

of hydrological regimes firstly encourages the development of photosynthetic biofilms over surface 509 

layers to counteract CO2 efflux from Rh sources in deeper soil layers. Secondly, it reduces the time 510 

period during which soils are exposed to the atmosphere and organic matter oxidised. Finally, it 511 

facilitates the dispersal and establishment of mangrove propagules which reinitiates a C sink function 512 

in both biomass and soils as mangrove forests regenerate overtime.   513 

 514 

Within a LULUCF flux continuum of Pond 3TW  Rehab 4, 5 and 6TW (2c), net flux change increases 515 

by 14.7 ± 1.4 Mg CO2e ha-1 y-1 with the majority of emissions in the form of CO2. While this represents 516 

an overall increase in emissions driven through mangrove derived Ra, it is likely to be more than 517 

counterbalanced by net C sequestration in biomass and soils as these sites continue to develop, 518 

grow, capture and bury sediments. 519 

 520 

4.2.3 Rehabilitating to mature reference forests 521 
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Net GHG flux change would increase by 17.9 ± 1.5 Mg CO2e ha-1 y-1 as non – vegetated, disused 522 

aquaculture ponds (Rehab1 and 2TI) are inundated and mangrove forests redevelop to the state of 523 

Rehab 3TI, with CO2 and CH4 constituting almost equal portions (3a).  524 

 525 

As Rehab 3TI transitions to senescence such as Ref 1TI, net GHG flux change marginally increases by 526 

0.6 ± 0.7 Mg CO2e ha-1 y-1 (3b). While CO2 emissions would increase as Ref 1TI emits almost twice 527 

that of Rehab 3TI, this would be counterbalanced by a reduction in CH4 emissions given Rehab 3TI 528 

emits far more methane than Ref 1TI.  529 

 530 

In contrast to the Tanakeke sites, net GHG emissions between the landward sites of Rehab 4 and 5TW 531 

and the mature Ref 2TW site (3c) represents a marginal overall decrease principally driven by 532 

reductions in CO2 (-2.1 ± 0.8 Mg CO2e ha-1 y-1) and CH4 (-0.7 ± 0.2 Mg CO2e ha-1 year-1) efflux 533 

counterbalanced by an increase in N2O (1.3 ± 0.1 Mg CO2e ha-1 y-1).    534 

 535 

Potential net GHG flux change between developing forests and reference forests is highest for the 536 

more seaward, R. stylosa / S. alba dominated mangrove forests of Rehab 6TW and Ref 3TW (3d, 537 

discounting the abnormal CH4 flux recorded from Ref 3TW and using CH4 emissions from Ref 2TW 538 

instead). The difference in CO2 efflux (-17.2 ± 1.8 Mg CO2e ha-1 y-1) between the two sites is 539 

significant and most likely an indication of the interplay between forest maturity as a function of 540 

relative productivity, carbon burial efficiency and mineralisation rates.  541 

 542 

Relative rates of productivity and growth in developing mangrove forests is also likely to influence soil 543 

CO2 efflux, particularly respiration derived from Ra sources. The few studies that have measured 544 

mangrove tree growth over time or stands of known age have observed dynamics similar to other 545 

forests, identifying stages of early rapid growth during colonization and establishment, followed by a 546 

slow decline in growth rate into maturity and senescence (Alongi 2012). Ra (encompassing both 547 

canopy and soil autochthonous respiration) is likely to follow a similar pattern, with highest CO2 efflux 548 

a function of peak growth stages corresponding to high cell metabolism and enhanced allocation of C 549 

to belowground structures (e.g. Rehab 3TI and Rehab 4, 5, 6TW). Tiwoho’s rehabilitating sites also 550 

displayed highest rates of N2O flux for any of the vegetated habitats assessed and significantly more 551 
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than either Ref 2TW or Ref 3TW, indicative of highly productive sites. Additionally, Alongi et al. 2004 552 

suggested that the soil C burial efficiency of mangroves increases with age but mineralisation 553 

efficiency (soil CO2 emissions from Rh sources) decreases. This means younger, developing forests 554 

may have similar rates of organic matter input than mature sites but proportionally more of this is lost 555 

to Rh mineralisation than is buried, a trend reversed with age through the increasing structural 556 

complexity of mangrove root structures and resultant burial efficiency. Higher rates of productivity (Ra) 557 

and soil C mineralisation (Rh) may partially explain why Tiwoho’s three rehabilitation sites have higher 558 

soil CO2 efflux rates in relation to averages reported for other mature forests (e.g. 17.6 Mg CO2 ha-1 y-559 

1 for combined soil / water – atmosphere efflux, Alongi 2014). 560 

 561 

4.2.4 LULUCF synthesis  562 

Coastal landscape setting and land use are significant drivers of GHG flux (Twilley et al. 2018) and 563 

this study has quantified emissions across a spectrum of LULUCF. Highest rates of loss occur upon 564 

initial clearance and conversion of mangroves to aquaculture ponds. Aquaculture ponds, when in 565 

operation, can act as weak net sinks for CO2 but this is offset by high N2O and CH4 emissions, 566 

particularly in situations where nitrate based fertilizers have been used (Ponds 1KC). In contrast, dry, 567 

disused and exposed ponds are substantial sources of atmospheric GHG emissions (Ponds 2KC) 568 

through the oxidation of C rich sediment. Reinstituting hydrological regimes in exposed ponds 569 

overlaying organic soils (Ponds 2KC) is likely to initially (and dramatically) decrease emissions via (a) 570 

the development of photosynthetic biofilms, (b) reducing time periods during which soils are exposed 571 

(i.e. Rehab 1 and 2TI), and (c) facilitating the dispersal and establishment of mangrove propagules 572 

which reinitiates a C sink function as mangrove forests regenerate (Cameron et al. 2018). The 573 

degradation of sluice gates to partially restore inundation is also likely to have mediated GHG flux 574 

from Ponds 3TW. As ponds are rehabilitated and vegetative cover re-establishes, GHG emissions will 575 

increase in concert with productivity (Rehab 3TI and Rehab 4, 5 and 6TW). Developing mangrove 576 

forests in this study emit proportionally more GHGs than reference forests (particularly for CO2 and 577 

CH4), and as forests reach maturity CO2 and CH4 emissions are likely to taper off and decline. 578 

Younger sites in rapid development emit more CO2 as result of increased metabolism (Ra), while the 579 

transport of C to belowground fine roots facilitates both Ra and Rh soil CO2 efflux and forms a readily 580 

available source of C for methane producing bacteria. Developing sites are also less efficient at 581 
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burying soil C, resulting in more CO2 efflux through Rh mineralisation. Net GHG mitigation benefits in 582 

rehabilitation sites, however, will likely remain negative as more C is gained in biomass and soils than 583 

GHGs are emitted. 584 

 585 

(insert Tables 4 and 5)  586 

 587 

5. Conclusions 588 

The current study improves our understanding of GHG flux in mangrove forests and shows that 589 

biophysical conditions and geomorphic position exert a strong influence on emissions. In rehabilitating 590 

and intact, mature reference forests, longer hydroperiod and higher soil moisture content of seaward 591 

fringing mangroves correlates with decreased flux while the greater abundance of Mud lobster 592 

mounds and tree root structures in landward mangroves correlates with higher flux. The influence of 593 

macrofaunal burrows in GHG flux, however, is ambiguous with the relative size of burrows rather than 594 

absolute numbers most likely a more important factor.  595 

 596 

When viewed within a LULUCF continuum, our results help corroborate the mounting evidence that 597 

the initial conversion of mangroves to aquaculture ponds releases extremely high amounts of GHGs. 598 

Developing mangroves resultant from rehabilitation of aquaculture ponds may also emit relatively high 599 

rates of GHGs, but this is counterbalanced by C sequestered in living biomass as forests develop. For 600 

project proponents seeking to maximise creditable GHG returns from converting aquaculture ponds 601 

back to functioning mangrove ecosystems, priority should be given to rehabilitating dry, exposed, 602 

ponds with high organic matter content in seaward fringing zones. Key considerations to improve our 603 

understanding for future GHG flux studies include empirically assessing the influence of macrofaunal 604 

burrow size on CO2 flux relative to overall burrow numbers to verify conclusions drawn here, and the 605 

need to explicitly delineate soil CO2 efflux into respective Ra and Rh components in studies of restored 606 

mangrove habitats where the aim is to develop estimates of net GHG mitigation benefits.  607 

 608 
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 727 

Figure 1. Locations of study sites. 728 
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 729 

Figure 2: Site weighted GHG fluxes from a) reference sites, b) aquaculture ponds, c) rehabilitating sites in Tanakeke (TI), Kurri Chadi (KC), and Tiwoho (TW) 730 

and d) the relationship between N2O and CO2 flux across all sites. 731 
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 732 

Figure 3: dbRDA showing the association between GHG flux (CO2, N2O and CH4) and biophysical 733 

variables at Tiwoho sites. The first two dbRDA axes explained 26.7% of total variation in GHG flux. 734 

The dbRDA is based on a distance linear model with all biophysical variables selected. 735 

 736 

Figure 4: Size class distribution of macrofaunal burrows from Tiwoho sites grouped by geomorphic 737 

position  738 

 739 
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Table 1: Description of assessment sites reported in this study. Species abbreviations: Rs = R. stylosa; Ct = C. tagal; Ra = R. apiculata; Bg = B. gymnorrhiza; 740 

Sa = S. alba. Sites from Tanakeke Island locations are appended by TI, sites from Tiwoho locations by TW, Kurri Chadi ponds by KC.  741 

Site ID Geomorphic position Dominant 

species 

Description 

Intact, mature reference forests 

Ref 1TI Oceanic coral atoll: 

over-wash mangroves, 

coastal fringing 

Ra (42%); Rs 

(30.6%); Bg 

(8.3%) 

Diverse, less disturbed mangrove forest on Panikiang Island in South Sulawesi.  

Ref 2TW  Coastal fringing: mid- 

lower (landward) 

mangroves 

Ct (82.3%); Ra 

(15.3%) 

Mature reference forest used as a reference to Rehab 4 and 5TW in Tiwoho.  

Ref 3TW  Coastal fringing: upper 

(seaward) mangroves 

Ra (89.5%); 

Bg (5.3%) 

Mature forest used as a reference to Rehab 6TW in Tiwoho.  

Aquaculture ponds 

Pond 1KC Coastal fringe, 

Makassar 

 

N / A Disused aquaculture pond at a village called Kurri Chadi on the northern outskirts of Makassar, 

South Sulawesi. Pond 1KC was still being utilised for the production of Chanos chanos (Milkfish) at 

the time of measurement. The majority of the pond (~90%) was inundated with brackish water to a 

depth of about 1 m and displayed signs of eutrophication with a high algae content both within the 

water column and on the water surface.   
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Pond 2KC Coastal fringe, 

Makassar 

N / A Dried, disused aquaculture pond located adjacent to Pond 1KC. The entire pond surface was porous, 

cracked and fissured to depths of 15 cm in places.  

Pond 3TW  Coastal fringe, Tiwoho N / A Disused aquaculture ponds comparable to Tiwoho’s EMR sites prior to rehabilitation. Ponds are not 

abandoned and are intermittently farmed. Sluice gates were partially degraded, allowing a limited 

influx of tidal water.   

Rehabilitating mangroves 

Rehab 1TI 

& Rehab 

2TI 

Oceanic / coral atoll: 

over-wash mangroves, 

coastal fringe, 

Tanakeke Island 

Rs (90%); Ct 

(6.5%) 

Former aquaculture ponds on Tanakeke Island that had undergone EMR 4 years prior to the time of 

survey. EMR sites are characterised by low regrowth and a slightly elevated central plateau interior 

consisting of shallow sandy loam (55% of extent) uniformly covered by a thin layer of phototrophic 

biofilm. Narrow ditches fringe the site which are infilled with organic laden sediments. The southern 

seaward margins of Rehab 1 and 2TI display more organic content and contain numerous decaying 

fine roots of Rhizophora spp. 

Rehab 3TI Oceanic / coral atoll: 

over-wash mangroves, 

coastal interior 

Ra (73%); Rs 

(27%) 

Former pond where the majority of dyke walls have eroded naturally since abandonment 11 years 

previously that now exhibits almost full canopy coverage.  

Rehab 

4TW  

Coastal fringing: mid - 

lower (landward) 

mangroves 

Ct (70.4%); Ra 

(14.9%) 

1.97 ha, 10 year old rehabilitating site in Tiwoho dominated by Ct and Ra. Dike walls had 

experienced significant natural erosion and the local community had already carried out some 

plantings with a mix of mangrove species prior to EMR. 

Rehab Coastal fringing: mid - Ct (65%); Ra 2.17 ha, 10 year old rehabilitating site dominated by Ct and Ra.  
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5TW lower (landward) 

mangroves 

(22.3%) 

Rehab 

6TW 

Coastal fringing: upper 

(seaward) mangroves 

Ra (52.7%); 

Sa (27.5%); Ct 

(18.7%) 

9.63 ha, 10 year old rehabilitating site dominated by Ra, Sa and Ct.  

 742 

 743 
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Table 2: Comparison of GHG flux and biophysical variables between Tanakeke (TI), Kurri Chadi (KC), and Tiwoho (TW) locations. Significant differences (p 744 

<0.05) between sites, treatments and sites plus treatments are denoted by corresponding numbers, stars, and letters in parenthesis respectively. Variables 745 

included site, VWC %, density of burrows and Mud lobster mounds, and tree roots. GHG flux represents the weighted mean of observations where values 746 

have been adjusted to reflect the relative contribution of each variable proportional to site extent. The low VWC % value of Pond 1KC is the weighted average 747 

of dry, exposed soils which comprise a fraction of this inundated site. N / A = not applicable. N / D = not detected.   748 

Site Observatio

ns 

Hydro 

period 

(%)  

Temperatu

re (°C) 

VWC (%) Burrows 

(m2) 

Thalassin

a mounds 

(100 m2) 

Tree 

roots (m2) 

GHG flux (Mg CO2e ha-1 y-1) 

CO2 N2O CH4 Total 

GHG flux 

Mature reference forests (*) 

Ref 1TI (1) 19 28% 32.2 ± 0.8 

(6, 10) 

61.5 ± 0.8 

(4, 12)  

218.3 ± 

8.6 (2, 6, 7, 8, 

10, 11, 12) 

N / A 100.5 ± 

2.9 (2, 9, 10, 

11, 12) 

16.7 ± 0.8 

(2, 3, 4, 5, 6, 7, 

8, 9, 11, 12)  

1.3 ± 0.1 

(2, 6, 10, 12)  

1.4 ± 0.2 

(3, 9, 10)  

19.4 ± 0.9 

(2, 3, 4, 5, 7, 8, 

10, 11, 12)  

Ref 2TW (2) 15 11% 32.2 ± 0.4 

(6) 

57.2 ± 0.9 

(9)  

55.3 ± 7.4 

(3, 8, 9, 10, 11, 

12) 

24.7 ± 

11.2 (3, 10, 

12) 

41.5 ± 2.8 

(3, 9, 10, 11, 12)  

28 ± 2.3 (3, 

4, 6, 7, 8, 9)  

4 ± 0.5 (3, 4, 

7, 8, 9, 11)  

2.3 ± 0.4 

(9) 

34.2 ± 2.6 

(4, 6, 7, 8, 9)  

Ref 3TW (3) 12 19% 32.4 ± 0.8 57.4 ± 1.9 

(9)  

144.3 ± 

31.4 (6, 7, 8) 

5.7 ± 3.8 

(6, 10, 11, 12) 

92 ± 16.2 

(9, 10, 11, 12)  

8.1 ± 1.0 

(4, 5, 7, 8, 10, 

11, 12) 

0.8 ± 0.3 

(5, 6, 10, 12) 

34.9 ± 4.5 

(4, 5, 6, 7, 8, 9, 

10, 11, 12) 

43.8 ± 4.5 

(4, 5, 6, 7, 8, 9, 

10, 11, 12)  

Aquaculture ponds (**) 
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Pond 1KC 

(4) 

11 N / A 

(inundated

) 

 

33.3 ± 0.8 53 ± 0.1 (6, 

8, 9)  

0 N / A 0 0.5 ± 0.0 

(5, 6, 9, 10, 11, 

12)  

N / D (5, 6, 

10, 11, 12) 

0.6 ± 0.3 

(9, 10)   

1.1 ± 0.2 

(5, 6, 9, 10, 11, 

12)  

Pond 2KC 

(5) 

8 N / A 

(exposed) 

 

34.6 ± 1.3 

(8) 

56.4 ± 2.9 

(9)  

0 N / A 0 25.6 ± 1.6 

(6, 7, 8, 9)  

2.6 ± 0.3 

(7, 8) 

2.5 ± 0.2 

(9)   

30.6 ± 1.9 

(6, 7, 8, 9) 

Pond 3TW 

(6) 

31 19% 

(partially 

inundated) 

35 ± 0.5 (7, 

8) 

60.4 ± 0.3 

(12) 

71.4 ± 9.6 

(9, 10, 11, 12)  

49.5 ± 5.5 

(11, 12) 

0 11.3 ± 0.6 

(7, 8, 10, 11, 12) 

2.7 ± 0.3 

(7, 8, 9) 

3.0 ± 0.4 

(7, 8, 9)  

17 ± 0.8 (7, 

8, 10, 11, 12)  

Rehabilitating sites (***) 

Rehab 1TI 

(7) 

17 40.3% 31.1 ± 0.3 

(10) 

57.1 ± 1.3 

(9) 

73.8 ± 5.9 

(9, 11) 

N / A 0 0.5 ± 0.1 

(9, 10, 11, 12) 

0.2 ± 0.1 

(10, 11, 12) 

0.3 ± 0.0 

(9, 10) 

1.1 ± 0.1 

(9, 10, 11, 12) 

Rehab 2TI 

(8) 

12 40.3% 30 ± 0.5 

(10, 12) 

60.9 ± 0.6 

(12) 

91 ± 3.7 (9) N / A 0 0.3 ± 0.2 (9, 

10, 11, 12) 

0.2 ± 0.0 

(10, 11, 12) 

0.2 ± 0.0 

(9, 10) 

0.8 ± 0.2 

(9, 10, 11, 12) 

Rehab 3TI 

(9) 

11 40.3% 33.4 ± 0.8 65.2 ± 0.9 

(10, 11, 12) 

255.8 ± 24 

(10, 11, 12) 

N / A 63.8 ± 1.6 

(10, 11, 12) 

10.1 ± 1.1 

(10, 11, 12) 

0.7 ± 0.1 

(10, 12) 

8 ± 0.8 (11, 

12) 

18.8 ± 1.6 

(10, 11, 12) 

Rehab 

4TW (10) 

12 4% 35.4 ± 0.7 56.4 ± 1.6 105.3 ± 

18.2 

43 ± 6.0 

(12) 

76.3 ± 

4.1(11, 12) 

22.5 ± 1.2 3.1 ± 0.3 4.9 ± 0.7 

(11) 

30.5 ± 1.4 
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Rehab 

5TW (11) 

15 14% 32.3 ± 0.6 58.8 ± 1.1 99.8 ± 

12.5 

35.5 ± 0.5 

(12) 

48.4 ± 3.2 29.4 ± 1.9 2.3 ± 0.5 

(12) 

1.1 ± 0.4 32.8 ± 2.1 

Rehab 

6TW(12) 

12 28% 33.7 ± 1.1 53.4 ± 1.3 96.9 ± 10 17.3 ± 6.2 51.4 ± 2.8 25.3 ± 2.8 3.9 ± 0.6 2.7 ± 1.4 31.9 ± 3.2 

Significant correlations between treatments 

Reference 

sites (*) 

  **  **  **, *** **  **, *** **, *** 

Aquacult

ure ponds 

(**) 

  *, ***  *, ***  *, *** *  * * 

Rehabilita

ting sites 

(***) 

  **  **  **   * * 

 749 

Table 3: Correlations between sites, locations, and treatments as described in Table 2. Significant differences listed at p<0.05. 750 

Site Temperature 

(°C) 

VWC (%) No. burrows 

(m2) 

No. 

Thalassina 

mounds 

(100 m2) 

No. tree 

roots (m2) 

GHG flux (Mg CO2e ha-1 y-1) Total GHG 

flux CO2 N2O CH4 
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Tanakeke 

reference 

sites (a) 

d b, c, f b, c, d, e, f  c, d, e c, e, f d, f b b, c, e, f 

Tiwoho 

reference 

sites (b) 

d  c d, f c, d, e c, d, e, f c, d c, d, e, f c, d, e 

Kurri Chadi 

aquaculture 

ponds (c) 

e d, e d, e, f  e, f e, f d, f  d, e, f 

Tiwoho 

aquaculture 

ponds (d) 

e  e, f f e, f e, f e  e, f 

Tanakeke 

rehabilitating 

sites (e) 

f f   f f f  f 

Tiwoho 

rehabilitating 

sites (f) 

e         

 751 

  752 
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Table 4: GHG flux change as a function of management history (Mg CO2e ha-1 y-1). Negative values indicate a reduction in emissions, positive values indicate 753 

an increase. Average flux - change of CH4 for Tiwoho does not include Ref 2TW. Flux change calculations are based on data from Table 2 and Cameron et al. 754 

in press. Landuse change mature reference forest  aquaculture includes emissions from biomass and soils and uses a stock change approach. Upwards 755 

arrows in direction of flux change indicate a net increase in emissions, downwards arrows a net decrease.   756 

Landuse change Flux - change CO2 Flux – change N2O Flux – change CH4 Total GHG flux 

change 

Direction of flux 

change 

Site reference and 

data source 

 1. Mature reference forest  aquaculture ponds  

(1a) Mature forest 

 aquaculture 

(Tanakeke) 

96.2 ± 10.9 N / A N / A 96.2 ± 10.9 ↑ Mature reference 

forest on Tanakeke 

 Rehab 1 & 2TI. 

Cameron et al. in 

press 

(1d) Mature forest 

 aquaculture 

(Tiwoho) 

58.4 ± 9.1 N / A N / A 58.4 ± 9.1 ↑ Ref 2 & 3TW  

Rehab 4, 5, & 6TW. 

Cameron et al. in 

press 

 2. Aquaculture ponds  rehabilitation 

(2a) Aquaculture 

(impounded)  

0.1 ± 0.2 0.0 ± 0.0 0.4 ± 0.2 0.2 ± 0.1 ↑ Ponds 1KC  

Rehab 1 & 2TI. This 
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Rehab (Tanakeke, 

4 years) 

study 

(2b) Aquaculture 

(dry / exposed)  

Rehab (Tanakeke, 

4 years) 

-25.2 ± 1.5 -2.4 ± 0.2 -2.3 ± 0.1 -29.7 ± 1.8 ↓ Ponds 2KC Rehab 

1 & 2TI. This study  

(2c) Aquaculture 

(partial tidal 

inundation)  

Rehab (Tiwoho, 10 

years) 

14.4 ± 1.4 0.4 ± 0.2 0.1 ± 0.4 14.7 ± 1.4 ↑ 

Ponds 3TW  

Rehab 4, 5, & 6TW. 

This study 

 3. Rehabilitation  mature reference forest 

(3a) Rehab (4 

years)  Rehab (11 

years), Tanakeke 

9.7 ± 1.0 0.5 ± 0.0 7.8 ± 0.7 17.9 ± 1.5 ↑ 

Rehab 1 & 2TI  

Rehab 3TI. This 

study 

(3b) Rehab (11 

years)  Mature 

forest, Tanakeke  

6.6 ± 0.3 0.6 ± 0.0 -6.6 ± 0.6 0.6 ± 0.7 ↑ 

Rehab 3TI  Ref 1TI. 

This study 

(3c) Rehab Bg / Ct -2.1 ± 0.8 1.3 ± 0.1 -0.7 ± 0.2 -2.6 ± 0.9 ↓ Rehab 4 & 5TW  
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forest  (10 years)  

Mature forest, 

Tiwoho  

Ref 2TW. This study 

(3d) Rehab Rs / Sa 

forest (10 years)  

Mature forest, 

Tiwoho 

-17.2 ± 1.8 -3.1 ± 0.3 0.4 ± 1.0 -20.7 ± 1.5 ↓ 

Rehab 6TW  Ref 

3TW. This study 

 757 

 758 
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Table 5: Comparison of selected published estimates of CO2 emissions from mangrove soils as a function of landuse. Method: a =   In-situ gas exchange / 759 

chamber measurements; b = Stock – change approach (inferred from loss of carbon stocks). Exposed = sediment – atmosphere emissions, inundated = 760 

water – atmosphere emissions. Negative values indicate overall C sequestration. Ra = R. stylosa; Ct = C. tagal; Ra = R. apiculata; Bg = B. gymnorrhiza; Sa = 761 

S. alba, Am = Avicenna marina, Kc = K. obovata.  762 

Location Method Site conditions CO2 flux (Mg CO2 ha-1 yr-1) Data source 

Intact mangroves 

Ref 1TI, South Sulawesi, 

Indonesia 

a Ra / Sa / Bg dominated site 16.7 ± 0.8  This study 

Ref 2TW, North Sulawesi, 

Indonesia 

a Ct dominated site 28 ± 2.3  This study 

Ref 3TW, North Sulawesi, 

Indonesia 

a Ra / Sa dominated site 8.1 ± 1.0  This study 

North Island, New Zealand a Am, Exposed, biofilm intact 27.1 ± 7.4 Bulmer et al. (2015) 

 Exposed, biofilm removed 71.7 ± 9.7  

Whangamata Harbour, New 

Zealand 

a Am, Exposed, summer 12.8 ± 1.5 Bulmer et al. (2017) 

 Am , Exposed, winter 4.3 ± 1.2  

Honda Bay, Philippines a R. spp,  Undisturbed natural mangroves 40.3 ± 3.8 Castillo et al. (2017a) 

Chwaka Bay, Tanzania a Rm, Am, Ct, Bg, Undisturbed natural mangroves 58.8 Gillis et al. (2017) 
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Global estimate a Exposed 11.1 ± 1 Alongi (2014) 

 Inundated 7.9 ± 1  

Global estimate a Exposed 26.3 (2.3 – 59.9) Kristensen et al. (2008) 

 Inundated 8.2 (1.6 – 19.4)  

Global estimate a Exposed, night time  9.8 ± 7.4 Bouillon et al. 2008 

 Exposed, daytime -2.4 ± 8.7 

 Inundated 9.5 ± 8.4 

 Overall  9.6 ± 7.2 

Cleared mangroves 

South-east Asia / Indo-

Pacific region 

b SOC loss, oceanic mangroves averaged over 25 

years 

60.9 Murray et al. (2011) 

  SOC loss, estuarine mangroves averaged over 

25 years 

38.2  

  Biomass loss: Oceanic and estuarine mangroves 

averaged over 25 years 

20.7  

Worldwide b Aboveground biomass and soil C loss – low 

estimate, averaged over 30 years 

13.7 Donato et al. (2011) 

  Aboveground biomass and soil C loss – high 

estimate averaged over 30 years 

47.9  
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North Island, New Zealand a Average exposed sites (n = 23), biofilm intact, 

cleared 1 month – 8 years previously 

21.5 ± 6 Bulmer et al. (2015) 

  Average exposed sites (n = 23), biofilm 

removed, cleared 1 month – 8 years previously  

37 ± 7.2  

Whangamata Harbour, New 

Zealand 

a Exposed, summer, 20 months post-clearance 44.3 ± 7.7 Bulmer et al. (2017) 

  Exposed, winter, 25 years post clearance 11.3 ± 2  

Northern Vietnam a Biofilm intact, 2 years post-clearance 3.8 ± 6.6 Grellier et al. (2017) 

 Biofilm removed, 2 years post clearance  8.1 ± 4.6  

Twin Cays, Belize a 0 -1 year post clearance 106 Lovelock et al. (2011) 

 ≥ 1 year post clearance  29  

Honda Bay, Philippines a Cleared 8 – 10 years previously 2.2 ± 0.6 Castillo et al. (2017a) 

Chwaka Bay, Tanzania a Clear-cut 6 months previously 25.5 Gillis et al. (2017) 

Gazi Bay, Kenya a 343 days since clearance 14.3 Lang’at et al. (2014) 

Northern Vietnam a Bare sediment  6.8 ± 5.3 Hien et al. (2018) 

Aquaculture ponds (operational and disused) 

Ponds 1KC, South Sulawesi, 

Indonesia 

a Inundated, operating ponds 0.5 ± 0.0 This study 

Ponds 2KC, South Sulawesi, Exposed, no hydrological connectivity, biofilm 25.6 ± 1.6 This study 
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Indonesia intact 

Ponds 3TW, North Sulawesi, 

Indonesia  

Partially hydrologically connected, biofilm intact 11.3 ± 0.6 This study 

Perancak estuary, Bali, 

Indonesia 

a Abandoned pond 'walls' 43.7 Sidik & Lovelock (2013) 

Abandoned pond 'floor'. Biofilm removed.  16 

Adjusted for proportion walls : floor 18.8 

Honda Bay, Philippines a Abandoned ponds, little regrowth  15.9 ± 3.7 Castillo et al. (2017a) 

Queensland, Australia a Inundated ponds 17.5 Burford and Longmire (2001) 

Worldwide (n = 233) a Operating ponds -5.5 ± 3.3 Boyd et al. (2010) 

Tanakeke Island, South 

Sulawesi, Indonesia 

b Mangroves converted to aquaculture ponds. 

Calculated as 18 years since hydrological 

regimes were reintroduced and soil oxidation 

halted.  

96.2 ± 10.9 Cameron et al. in press. Data 

source is analogous to loss 

of mature forest on 

Tanakeke Rehab 1 & 2TI  

Tiwoho, North Sulawesi, 

Indonesia  

b Mangroves converted to aquaculture ponds. 

Calculated as 14 years since hydrological 

regimes were reintroduced and soil oxidation 

halted. 

58.4 ± 9.1 Cameron et al. in press. Data 

is average [Ref 2TW and Ref 

3TW]  average [Rehab 4, 5, 

6TW]) 

Dominican Republic b Above ground biomass and soil C loss 

(conversion to shrimp ponds), averaged over 29 

95.9 Kauffman et al. (2014) 
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years 

Honda Bay, Philippines b Conversion to brackish water aquaculture ponds 

in the early 1990’s, averaged over 25 years 

58.5 Castillo et al. (2017b) 

Caatinga region, Brazil b Active ponds established 10-12 years before 

sampling (C rich) 

191.4 – 229 Kauffman et al. (2018)  

  Abandoned ponds formed 8 years before 

sampling (low initial C stock) 

42.5  

Rehabilitating / developing mangroves 

Rehab 1TI,  South Sulawesi, 

Indonesia 

a Low mangrove coverage, 4 years old 0.5 ± 0.1  This study 

Rehab 2TI, South Sulawesi, 

Indonesia 

Low mangrove coverage, 4 years old 0.3 ± 0.2  This study 

Rehab 3TI, South Sulawesi, 

Indonesia  

High mangrove coverage, 11 years old 10.1 ± 1.1  This study 

Rehab 4TW, North Sulawesi, 

Indonesia 

High mangrove coverage, 10 years old 22.5 ± 1.2  This study 

Rehab 5TW, North Sulawesi, 

Indonesia 

High mangrove coverage, 10 years old 29.4 ± 1.9 This study 

Rehab 6TW, North Sulawesi, High mangrove coverage, 10 years old 25.3 ± 2.8  This study 
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Indonesia 

Northern Vietnam a High mangrove coverage, 16 year old stand, 

biofilm intact 

10.7 ± 4.1 Grellier et al. (2017) 

 High mangrove coverage, 16 year old stand, 

biofilm removed 

16.1 ± 5.3  

Northern Vietnam  High mangrove coverage, Kc dominated site, 18 

year old replanted site 

15.3 ± 14.3 Hien et al. (2018) 
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