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Research & Education, Al-Janabiyah, Bahrain
Coastal seagrass ecosystems occupy a small fraction of the global ocean yet

make disproportionately large contributions to carbon capture and storage. In

addition, they are increasingly promoted as blue carbon solutions within nation-

ally determined contributions (NDCs). Despite this, most seagrass carbon budgets

implicitly assume bottom-up control and very often neglect the functional role of

large herbivores. Dugongs (Dugong dugon) are specialist seagrass grazers who

may strongly influence seagrass productivity and sediment carbon storage

through a combination of biomass removal, sediment disturbance, and rapid

nutrient recycling, but their net effect on ecosystem carbon balance remains

unknown. We apply a general animal-driven carbon-nutrient cycling model to

estimate dugong effects in one of the world’s most important dugong hotspots,

the Halodule seagrass beds of Bahrain. We parameterize the sediment-seagrass-

dugong model with literature data and validated the model with estimates of net

primary production (NPP), net ecosystem carbon balance (NECB) and sediment

carbon stocks against literature-based and field measurements comparing sce-

narios with dugong presence vs. absence. Our results indicate that a realistic

dugong aggregation (~700 individuals) can, on average enhance seagrass NPP

and NECB by 2.4 times (with a range of uncertainty between 1.1- 4.2 times) and

sediment carbon stocks by 2.63 times with a range of uncertainty of 1.1 – 7.6

times) relative to a dugong-absent conditions. This yields substantial additional

carbon uptake and storage across the 145 km2 focal conservation area which

corresponds to an additional 7.9 x107 kg C y-1 captured and 9.1 x108 kg C stored in

sediments. Our findings demonstrate that conserving dugongs and their habitat

can significantly increase the climate mitigation value of seagrass ecosystems and

that explicitly accounting for animal functional roles is critical to avoid underes-

timating blue carbon contributions in NDC accounting.

KEYWORDS

animal-driven biogeochemical cycling, ecosystem carbon capture, ecosystem
modeling, megaherbivore, nature-based climate solution
1 Introduction

Despite covering an estimated 160,387–266,562 km² of the world’s coastlines (McKenzie

et al., 2020), seagrass ecosystems account for less than 0.2% of the total global marine area

(Fourqurean et al., 2012). Yet owing to their comparatively high productivity, and capacity

for long-term carbon storage in their sediments, they are increasingly being recognized as

having the potential to make outsized contributions to the marine carbon budget
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(Fourqurean et al., 2012; Duarte, 2017; Mazarrasa et al., 2018; Ralph

et al., 2018; Macreadie et al., 2021; Orth and Heck, 2023). This

recognition is generating growing interest to enlist the functional

role of seagrass ecosystems as a nature-based climate solution, i.e.,

blue carbon strategy in support of climate change mitigation and

adaptation policies (Macreadie et al., 2021; Johannessen, 2022;

Unsworth et al., 2022; Orth and Heck, 2023). Indeed, seagrass

contributions to climate change mitigation can be large enough that

they should be considered in many countries’ accountings of

nationally determined contributions (NDCs) (Macreadie et al.,

2021). Since countries have begun incorporating blue carbon

ecosystems into climate mitigation commitments, accurately quan-

tifying seagrass carbon budgets has become increasingly important.

The discovery that seagrass ecosystems can make substantial

contributions to blue carbon strategies stems from growing efforts

to characterize and quantify the biogeochemical processes that

control carbon capture and storage in seagrass biomass and

sediments (Duarte et al., 2010; Holmer, 2019; Johannessen, 2022;

Orth and Heck, 2023), as well as through the refinement of

modeling and measurement methods to accurately estimate

seagrass carbon budgets (Carruthers et al., 2002; Macreadie et al.,

2014; Duarte, 2017). However, the accuracy of modeling and

measurement rests on conceptualizations of what constitutes a

functionally intact seagrass ecosystem and the key controls over

its functioning. Estimates of seagrass carbon budgets typically focus

on carbon uptake and storage in plant biomass and sediments

(Duarte et al., 2010; Macreadie et al., 2014; Duarte, 2017; Ward

et al., 2022). This implies that only the bottom trophic compart-

ments of seagrass ecosystems—sediment and plants—are the salient

functional components. In this conception, the limiting supplies of

sediment nutrients such as nitrogen or phosphorus are considered

an important bottom-up control over the rates of ecosystem

processes such as primary production and hence carbon capture

and storage (Hughes et al., 2004; Holmer, 2019), in addition to other

bottom-up biophysical factors such as the availability of light,

acidity, temperature and hydrodynamics that control plant produc-

tion and fate of seagrass carbon (Mazarrasa et al., 2018).

However, fully intact seagrass ecosystems also contain animals,

which may exert top-down feedback effects that also control rates of

seagrass ecosystem functioning (Carruthers et al., 2002; Maxwell

et al., 2017; Scott et al., 2018; Orth and Heck, 2023). Large marine

grazers—aka mega-grazers—especially, may have significant effects

because they can remove substantial amounts of seagrass biomass

and disturb sediments, which may reduce the capacity to capture and

store carbon (Johnson et al., 2017; 2019; Wirsing et al., 2022).

However, they can also cause the rapid recycling of nutrients that

can support new ecosystem production (Hughes et al., 2004; Wirsing

et al., 2022; Orth and Heck, 2023; Putillo-Wehry et al., 2025). Thus,

failing to account for such animal feedback effects on ecosystem

functioning could lead to inaccurate estimates of the ecosystem’s

capacity to capture and store carbon (Schmitz et al., 2018).

It has been proposed that because dugongs (Dugon dugon), and

related sirenians, have important impacts on seagrass biomass,

these species could play a significant role in mediating seagrass

ecosystem carbon capture and storage (Scott et al., 2018; Schmitz

et al., 2023). This is especially significant given that dugongs almost
Frontiers in Marine Science 02
exclusively feed on seagrasses (Best, 1981; Marsh et al., 2018;

Wirsing et al., 2022). However, the degree to which dugongs

impact net ecosystem carbon capture and storage remains alto-

gether unknown (Martin et al., 2021; Wirsing et al., 2022). In this

study, we address this unknown through quantitative modeling that

explores the potential influence of dugongs on whole seagrass

ecosystem carbon capture and storage.

Evidence shows that sirenian grazing generally reduces the

standing biomass of seagrass (Wirsing et al., 2022). This in turn

can reduce the mass of detrital organic matter inputs (and

embodied carbon and nutrients) to the sediment (Aragones &

Marsh 1999). Such reductions limit the availability of nutrients to

plants that are released following microbial decomposition and

mineralization of the organic matter, and hence the amount of

carbon inevitably stored in sediments (Aragones & Marsh 1999).

Yet sirenians could have countervailing fertilizing effects that

enhance carbon capture and storage. Generally, this effect can

arise via fast nutrient recycling in which readily available nutrients

are released as body wastes (urine, feces, reproductive and carcass

tissue) that can be quickly taken up by seagrasses, thereby circum-

venting the slower recycling pathway involving microbial decom-

position (Perry and Dennison, 1999; Marsh et al., 2018; Jiménez-

Ramos et al., 2025). Our modeling analyses consider the interplay

between the countervailing effects of biomass removal and nutrient

recycling to address uncertainty about the magnitude of top-down

effects of dugongs on carbon cycling.

The analyses reveal that model estimates of carbon capture and

storage are sensitive to the values of certain parameters related to

dugong impacts on key biogeochemical processes. The measure-

ment of these parameters has not been a priority of research on the

trophic ecology of sirenians, nor for many other taxa of seagrass

mega-grazers. Thus, the modeling highlights crucial new research

needs to better constrain estimates of the functional impact of

dugongs, as well as other marine mega-grazers, on seagrass carbon

budgets. Nevertheless, the modeling provides first approximation

estimates of carbon capture and storage that compare favorably

with empirical measurements. The findings suggest that the func-

tional role of marine grazers in seagrass carbon cycling should be

accounted for when assessing the contribution of seagrass ecosys-

tems to blue carbon strategies, to avoid deriving inaccurate esti-

mates of seagrass ecosystem carbon capture and storage.

1.1 Background

The focal area for our analysis is the coastal waters of the

Arabian Gulf surrounding the Kingdom of Bahrain. This area was

chosen because of interest in strengthening the conservation of

seagrass ecosystems and resident dugongs in a globally significant

dugong conservation hotspot (Preen, 2004; Khamis et al., 2023;

Kawiyani et al., 2024), as well as to consider the conservation of the

species functional role in the ecosystem as a nature-based climate

solution (Schmitz et al., 2023).

The 145 km2 focal dugong occupancy area (25 320–27 90 N; 50

200–51 70 E: Khamis et al., 2023) encompasses one of three key

seagrass habitats within the wider Arabian Gulf that support the

largest known dugong population outside of Australia (Preen,
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2004). Hence this area, dominated by the seagrasses Halodule

stipulaca, H. univervis, and H. ovalis (Preen, 2004; Supplemental

Information S3), provides important habitat and preferred forage

for dugong conservation. Dugong numbers in Bahrain waters have

been temporally stable (Preen, 2004; Kawiyani et al., 2024), with a

mean of 1164 (95% CI range between 530 and 1798) individuals

(Khamis et al., 2023). However, increased human activity within

Bahrain seagrass beds and adjacent coastal shoreline development is

introducing a new risk of habitat alteration that could force dugongs

to shift and reduce their range use (Al-Abdulrazzak and Pauly,

2016; Khamis et al., 2023; Kawiyani et al., 2024). The implications of

changes in dugong occupancy of these seagrass beds on carbon

dynamics remain unaccounted for in blue carbon assessments.

Thus, the goal of our assessment was to quantify the implications

of conserving dugongs for blue carbon strategies by estimating their

effects on the seagrass carbon budget, and to explore the conse-

quences of potential reductions in dugong abundance on the

sustainability of carbon capture and storage. While we focus on a

case study in the waters of Bahrain, the modeling nonetheless

illustrates how to apply a general analytical animal-driven carbon

cycle model (Rizzuto et al., 2024) more broadly for empirical

analyses aimed at understanding the role of large marine grazers

in controlling seagrass biogeochemical cycling to inform blue

carbon strategies.
2 The model

2.1 Overview: the carbon cycle model

We estimated carbon capture and storage by parameterizing a

general animal-driven carbon cycle model (Rizzuto et al., 2024) for

the focal dugong-seagrass study system. The parametrized model

was used to estimate the effects of dugongs on (a) net primary

production, (NPP) of seagrass biomass, (b) net ecosystem storage

potential, also termed net ecosystem metabolism or net ecosystem

carbon sink strength (which we define as Net Ecosystem Carbon

Balance [NECB] sensu Chapin et al., 2006), and (c) carbon stocks in

sediment of the seagrass ecosystem.

The model ecosystem (Figure 1) explores the flow and storage of

carbon among sediment, seagrass, and dugong trophic compart-

ments and exchanges between the ecosystem and the atmosphere.

The dynamical systems mathematical model describing flow and

storage (Table 1) is stoichiometrically explicit, characterizing the

coupled flow of carbon (C) and nitrogen (N) among ecosystem

compartments. This formulation thus accounts for the rate limiting

influence of essential nutrients on carbon cycling (Rastetter, 2011;

Rizzuto et al., 2024a; Zaehle et al., 2014). The focus on C and N

stems from their known importance in seagrass biogeochemical

cycling (Carruthers et al., 2002; Hughes et al., 2004; Holmer, 2019).

The mathematical model is solved for steady state conditions

that obey fundamental mass balance requirements (Loreau, 2010)

in which ecosystem C and N inputs equal outputs plus storage

within ecosystem compartments, i.e., it produces a balanced eco-

system carbon budget.
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The modeled inputs (Figure 1) include atmospheric N

deposition to the ecosystem (I) and atmospheric C uptake by

seagrass (aFP).

The model accounts for storage via the redistribution of C and N

among ecosystem compartments (Figure 1) through four processes:

(i) seagrass uptake of sediment nitrogen N (FP); (ii) uptake of

seagrass C (aFH) and N (FH) by dugong herbivory; and recycling

of plant organic matter to sediments (iii) via plant litter (i.e., seagrass

C ((1 – d)aqP) and N (qP)); and (iv) via dugong waste (i.e., C ((1 –

p)bqH) and N (qH)) which includes feces, urine, and body carcasses.

Outputs include sediment N leaching out of the ecosystems (K),

and respiratory C release to the atmosphere from sediment (gS),
seagrass (daqP), and dugongs (pbqH + WCH[HN, HC]). The term

WCH[HN, HC] partitions carbon intake into respiration versus

recycling, reflecting herbivore stoichiometric homeostasis i.e., the

need to maintain a fixed C:N ratio (b) despite consuming plant

material with a typically higher C:N (a) (Rizzuto et al., 2024).

Generally, plant biomass has high C and low N whereas herbivore

biomass has low C high and high N: see case study for dugongs in

Yamamuro et al., 2004).

The complete set of equations (Table 1) represent the intact

ecosystem in which dugongs are present. To simulate a dugong-

absent system (i.e., seagrass and sediment trophic compartments

only), we set herbivore consumption and recycling parameters to

zero i.e., aH and rH = 0 in FH, qH thus eliminating herbivore

consumption and waste-recycling pathways. This provides a base-

line on which to quantify the added functional contribution of

dugongs to carbon flows and storage. The net effect of dugongs on

the seagrass ecosystem carbon budget is then quantified as the

difference between these two model scenarios.

2.2 Estimating carbon capture and storage

The equilibrium solutions (steady state carbon stocks of trophic

compartments) for the model equations for the animal absent and

animal present scenarios were obtained from Rizzuto et al. (2024).

Each modeling scenario (i.e., animal absent; animal present) has

one equilibrium where all state variables (sediment = Si, plant = Pi,

herbivore = Hi; where i identifies the stock as either carbon (C) or

nitrogen (N)) are positive, and thus biologically meaningful (see

Supplementary Material S1). Supplementary Material S1 also in-

cludes equations used to estimate NPP and NECB obtained from

Rizzuto et al. (2024). The equilibrium solutions were applied to the

focal seagrass ecosystem by parameterizing them with empirical

data obtained from the literature (Table 2). However, data exclu-

sively for the Bahrain or broader Arabian Gulf area were rarely

available in the literature (data were only available to estimate

inorganic N inputs and sediment C leaching rate). We therefore

obtained empirical data from the broader literature for tropical

seagrass ecosystems, especially from studies in the Mediterranean

region and western Australia, and from empirical syntheses across

multiple study systems (see Table 2 footnote). Parameter values in

Table 2 were entered into a structured Excel spreadsheet designed to

automatically populate programmed model equilibrium solutions

from S1 to estimate carbon capture and sediment storage in the

seagrass ecosystem.
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2.2.1 Estimates for the dugong absent scenario

The model parameterized for the dugong absent scenario

(Table 2) was used to obtain baseline estimates of carbon capture

and storage in seagrass and sediment trophic compartments of the

ecosystem. We further conducted an uncertainty analysis by esti-

mating mean and standard deviation for NPP (kg C km-2 d-1),

NECB (kg C km-2 d-1) and sediment C (kg C m-2) by varying the

five key parameters driving plant-sediment carbon dynamics: (i)

inorganic sediment C loss rate, (ii) sediment N loss rate, (iii) plant N

uptake rate, (iv) plant N recycling rate, and (v) plant C respiration

rate. We varied parameter values by up to +25% and -25% of the

mean, based on insights from a sensitivity analyses of the general

model (Rizutto et al., 2024), which indicates that a ± 25% range will

produce robust estimates of uncertainty. The parameters were

varied one-at-a time for the uncertainty analysis.

The daily NPP and NECB estimates were converted to annual

values by multiplying by 365 days, consistent approaches used in
Frontiers in Marine Science 04
empirical syntheses and carbon budget analyses that convert daily

estimates to annual values (e.g., Duarte et al., 2010; Ganguly et al.,

2017). This assumes that the seagrasses are continually productive

year-round, an assumption supported by empirical evidence show-

ing year-round photosynthetic activity and nutrient turnover in

tropical seagrasses (Ganguly et al., 2017; Cardini et al., 2018). The

model’s performance for this scenario was then evaluated by

comparing estimates of NPP, NECB and sediment carbon stocks

against empirical measurements from the literature and field

measurements in Bahrain and other tropical seagrass ecosystems

to assesses the ecological plausibility of the model estimates.

2.2.2 Estimates for the dugong present scenarios

The modeling of dugong effects on carbon dynamics used

parameter values for both seagrass and dugongs (Table 2). This

scenario required adjustment of four key parameters previously

used to represent the dugong absent seagrass-sediment dynamics to
FIGURE 1

Depiction of the biogeochemical processes regulating stocks and flows of carbon (C) and nitrogen (N) within the focal seagrass ecosystems. Solid
lines represent direct effects, and dashed lines represent feedback effects. The figure shows the pathways of C and N uptake between seagrass
vegetation, and dugong trophic compartments of the ecosystem and recycling feedbacks from seagrass and dugongs to the sediment storage
pools. These various uptake and recycling processes are characterized mathematically in the carbon cycle model (Table 1) used to estimate dugong
effects on seagrass ecosystem carbon balance.
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account for the dugong effects on biogeochemical processes. The

parameters were: (i) sediment C leaching rate, (ii) sediment N

leaching rate, (iii) seagrass N uptake rate, and (iv) plant C

respiration rate. Direct measurements of dugong effects on these

parameters were used whenever possible. However, available data

are limited; therefore, values were adjusted using evidence from

studies of other grazers and by identifying parameter values that

yielded biologically realistic dugong densities under a balanced

ecosystem budget

We represented bioturbation associated with dugong feeding by

increasing sediment C leaching rate by 1.42×. Dugong foraging

disturbs sediments directly and indirectly by reducing seagrass root

structure, which can increase sediment carbon export to the water

column (Wirsing et al., 2022). We assumed that dugong effects were
Frontiers in Marine Science 05
equivalent to that observed for other seagrass inhabiting animals

(i.e., burrowing shrimp, and grazing urchins and sea turtles) and in

seagrass removal experiments which can cause 1.30× - 1.44× or

more of sediment carbon to be lost (Thomson et al., 2019; Githaiga

et al., 2019; Johnson et al., 2019; Carnell et al., 2020; Dahl et al.,

2021). Using the same rationale, we increased sediment N leaching

by 1.42×.

While grazing can limit the physiological regulation of seagrass

N uptake (Valentine et al., 2004) the magnitude of decline in

seagrass N uptake remains unknown. Measures for the few studied

terrestrial systems indicate that plant N uptake by grazed plants is

0.1 – 0.33 × that of ungrazed plants (Guo et al., 2017; Zhou et al.,

2024). We assumed, given arguments that general grazing princi-

ples apply to dugongs (Marsh et al., 2018), that dugongs cause
TABLE 1 Stoichiometrically explicit dynamical systems model characterizing carbon and nitrogen flow and storage among sediment, seagrass and

dugong trophic compartments, with variable, function and parameter definitions.

Model equations Description

sediment:
dSN
dt

= I − kSN − FP + qP + qH
dSC
dt

= (1 − d)aqP + (1 − p)bqH − gS
seagrass:
dPN
dt

= FP −FH − qP
dPC
dt

= a(FP −FH − qP)

dugongs:
dHN

dt
= FH − qH

dHC

dt
= aFH − (pbqH +WCH ½HN ;HC �)

state variables: The model subdivides the sediment (S), seagrass (P) and dugong (H) trophic
compartments into their N and C contents (stocks): SN, SC, PN, PC, HN, HC.
functions and parameters: I, Atmospheric N deposition to the sediment; kSN, nitrogen leaching
from sediment; FP, sediment nitrogen uptake by seagrass; FH, plant nitrogen uptake by
dugongs; qP, seagrass recycling input to sediment; qH, dugong recycling input to sediment; gs,
sediment C respiration; WCH[HN, HC], herbivore differential assimilation rate of C; a, seagrass
C:N; b, dugong C:N; d, proportion of seagrass C respired; p proportion dugong C respired.
function definitions: FP = aPPNSNSC ; FH = aHPNHN ; rP = rPiP, qH = rHiH, where i ∈ ½N ;C�;
WCH ½HN ;HC � = (a − b)aHPNHN
See Figure 1 for a conceptual diagram of the ecosystem model.
TABLE 2 Parameters, their units and empirical values informed by the literature to initialize the numerical analysis of carbon capture and storage using

steady state solutions of the dynamical systems model presented in Table 1.

Description Parameter Units Value Source

Inorganic N inputs I kg N · (m2 d)-1 8.22 × 10-6 1

Sediment C leaching rate (i) qS fraction · (kg N m2 d)-1 3.20 × 10-2 2

Sediment C leaching rate (ii) qS fraction · (kg N m2 d)-1 4.53 × 10-2 3

Sediment N leaching rate (i) K fraction · (m2 d)-1 5.55 × 10-4 4

Sediment N leaching rate (ii) K fraction · (m2 d)-1 7.87 × 10-4 5

Plant N uptake (i) aP fraction · d-1 1.1 x 10-1 6

Plant N uptake (ii) aP fraction · d-1 5.10 × 10-3 7

Dugong N uptake aH fraction N · (kg Dugong N d)-1 5.1 × 10-3 8

Plant C respiration rate Contributes to d kg C (m2 d)-1 1.42 × 10-3 9

Dugong C respiration rate Contributes to p kg C d-1 8.82 × 10-1 10

Plant recycling rate (i) rP fraction · (kg N kg C m2 d)-1 4.30 × 10-3 11

Plant recycling rate (ii) rP fraction · (kg N kg C m2 d)-1 4.27 × 10-4 12

Dugong recycling rate rH fraction · d-1 7.6 × 10-3 13

Plant C:N a unitless 30 14

Dugong C:N b unitless 3.8 15
1.Han et al., 2020; 2. Burkholz et al., 2020.; 3.Assumes Dugong bioturbation increases rate by 1.42× - see main text; 4.Holmer and Olsen, 2002; 5.Assumes Dugong bioturbation increases rate by
1.42× - see main text; 6. Alexandre et al., 2014; Lepoint et al., 2002; Touchette and Burkholder, 2000; 7. Assumes Dugong grazing reduces plant uptake capacity by 0.046× - see main text; 8.
Estimated as % consumption of standing seagrass biomass per day (mean 0.31% d-1, range 0.25-0.785% d-1: Preen, 1995; Masini et al., 2001, D’Sounsa et al., 2015)/[mean body mass (500 Kg,
Lanyon et al., 2024) × %N in body mass (12% Yamamuro et al., 2004)]; 9.Ward et al., 2022; 10. Lanyon et al., 2024; 11.Mateo and Romero, 1997; 12. Assumes Dugong grazing reduces plant litter
production by 0.01× due to less available standing biomass - see main text; 13. Estimated as predominantly urine released per day (using midpoint between 6.6 l d-1 – 90.6 l d-1 released for a
500 kg dugong: Ortiz, 2001; Lanyon et al., 2006; Goto et al., 2008) x % N in urea (46.6%) x percentage urea in urine (2%)/[mean body mass x % N in body mass]. 14. Duarte, 1990; Yamamuro
et al., 2004; Helber et al., 2021; 15. Yamamuro et al., 2004.
See text for explanation of how parameter values were varied to estimate the uncertainty and sensitivity of the model estimates to changes in parameter values. (i) No dougong scenario; (ii)
Dugong scenario.
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similar effects on seagrasses. We thus initially altered grazed

seagrass N uptake rate by 0.1 – 0.33 × that of ungrazed seagrass.

However, we found that the parameter value needed to be reduced

further to 0.046× that of ungrazed seagrass to obtain solutions that

reached biologically realistic dugong densities. Finally, we assumed

that plant recycling rate with dugongs present declined due to less

seagrass biomass available for recycling after dugong consumption.

We reduced recycling rate down to 0.01×the original value based on

evidence that this value falls within the range of dugong grazing

reduced available seagrass biomass (Preen, 1995; D’Souza et al.,

2015; Masini et al., 2001).

We estimated the effects of dugongs on seagrass carbon dy-

namics in two ways. (1) We solved for multiple balanced carbon

budgets by adjusting each key parameter singly until reaching a

value that closely approximated the maximum dugong aggregate

herd size observed in Bahrain waters (i.e., 700 animals: Khamis

et al., 2023); (2) We explored potential effects across a range of

dugong densities. We solved for balanced carbon budgets by

adjusting each key parameter singly or in combination to produce

a range of steady state herd sizes that bracketed the commonly

observed maximum aggregate herd size (700 individuals) and the

range in population size in Bahrain waters (i.e., 530–1798 dugongs:

Khamis et al., 2023).

We conducted analysis (1) by estimating net carbon capture

(NPP and NECB) and sediment carbon stock with the proviso that

the estimated steady state herd size of dugongs needed to closely

approximate the aggregate herd size of 700. Steady state aggregation

size was estimated in several steps. We first converted the carbon

stock estimates of the dugong trophic compartment into whole-

animal aggregate density (individuals km-2) by dividing the pre-

dicted dugong carbon stock (kg C km-2) by the product of average

adult dugong body mass (500 kg: Lanyon et al., 2025) and % carbon

in dugong body mass. We assumed that dugong body mass contains

47% C, which is the midpoint between measures of percentage C in

cattle muscle tissue biomass (51%: Franke and Weniger, 1958) and

in the tail fluke biomass of a dugong (43%: Yamamuro et al., 2004).

This conversion aligns herbivore carbon stocks with realistic

population-level biomass. Dugong density was then multiplied by

the study area size (145 km2: Khamis et al., 2023) to estimate

aggregate herd size. In estimating NECB, we also accounted for

enteric methane (CH4) emissions from dugongs. As no empirical

measurement of dugong CH4 emission measurements exist yet, we

used an allometric relationship (Smith et al., 2015) to estimate

annual CH4 emission per average 500 kg dugong individual and

scaled that up to the release by the aggregate herd.

We generated multiple daily estimates of carbon capture and

storage through an uncertainty analysis in which the seven param-

eters were varied individually and in combination: sediment C

leaching rate; sediment C leaching rate; plant N uptake rate; dugong

N uptake rate; plant C respiration rate; dugong C respiration rate;

plant recycling rate and herbivore recycling rate. Parameters were

adjusted until modeled dugong abundance approximated an aggre-

gate herd size of ~700 (see Supplementary Material S2). Once a

solution was obtained, the parameters were reset to their original

values before exploring new combinations.
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To further explore uncertainty, we conducted analyses in which

some individual parameter values were reverted to those used in the

dugong absent scenario or set to the midpoint between the dugong

absent and present scenarios. The remaining parameters were

then adjusted until modeled herd size again approximated 700 in-

dividuals. This approach allowed exploration of parameter space

across a range of values. The daily estimates were converted to

annual values by multiplying by 365 days, assuming year-round

dugong presence in seagrass habitats. This assumption is supported

by empirical evidence for the focal area (Khamis et al., 2023).

We conducted analysis (2) by examining how model esti-

mates of NPP and NECB in a balanced carbon budget varied

across a range of steady state dugong population sizes. Key model

parameters were again varied individually; however, each param-

eter was systematically adjusted across the full specified range to

generate multiple solutions spanning a range of steady state

aggregate herd sizes from low (~10’s of individuals) to high (up

to 2470 individuals).
3 Model estimates and validation

3.1 Estimates for dugong absent scenario

The model estimates for sediment carbon stocks, NPP and NECB

in the absence of dugongs (Table 3) fall within the range of values

reported in the literature. This comparison provides an initial test

of ecological plausibility for the baseline scenario. The uncertainty

(standard deviation) of the model estimates of sediment C stock, NPP

and NECB (Table 3) were calculated from the replicate estimates

obtained by individually modifying key parameter estimates by ± 25%

of each parameter value (Supplementary Material S2A). Sediment

carbon stocks were most sensitive (estimate change > 25%) to variation

in plant N uptake rate, sediment N leaching rate and plant recycling

rate (electronic Supplementary Material S2). NPP and NECB were

most sensitive to soil N leaching rate, and plant recycling rate

(Supplementary Material S2A).

3.2 Estimates for dugong present scenarios

The modeling indicates that dugong presence could increase

average NPP and NECB by 2.4× relative to the dugong-absent

scenario (Table 3). The estimated uncertainty range (1.1×- 4.2×)

was derived from the range of parameter permutations explored

(see S2). The lack of difference between NPP and NECB arises

because at ~700 individuals, dugong herd size is not sufficiently

abundant to cause CO2 and methane releases to become a liability

on the net carbon balance. The magnitude of dugong effects on

seagrass NPP and NECB have not been measured. Hence those

model estimates cannot be validated empirically with dugongs.

However, the estimated 1.1×- 4.2× range of enhancement of NPP

encompasses empirical measures of productivity enhancement of

1.7 – 1.8 × under moderate to high grazing by sea turtles

(Christiansen et al., 2012; Gulick et al., 2020).
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The model indicates that the presence of dugongs in the

seagrass ecosystem could lead to an average sediment carbon

storage of 7.1 kg C m-2 and range between 3.6 – 11.4 kg C m-2

(Table 3). Thus, the model indicates that on average there could be

2.63× more sediment C in the presence of dugongs than in their

absence with an uncertainty range of 1.1×- 7.6×. Field measures of

sediment carbon stocks have been obtained for the waters in

Bahrain. Data from two different surveys conducted within two

different areas estimated that the top 0–15 cm of sediments hold on

average 3.5 kg C m-2 but ranged from 0.5 – 8.5 kg C m-2 (Alkhuzaei

and Brolly, 2025). The average values, when extrapolated to 1 m

depth (~23.3 kg C m-2), is 1.2 × higher than the estimated global

average of 19.4 kg C m-2 (Fourqurean et al., 2012).

There is, however, strong spatial variability with higher carbon

stocks in southern waters near Hawar Islands compared to more

northerly sites on the east and west sites of Bahrain (Alkhuzaei

and Brolly, 2025). Overlaying dugong occurrence data (Khamis

et al., 2023) may explain some of the variation given that most

historical dugong occurrences are in the southern waters and that

sediment carbon stocks can be strongly influenced by the long-

term presence and intensity of megaherbivore grazing (Elschot

et al., 2015). To explore this possibility further, we partitioned the

sediment carbon stock data from Alkhuzaei and Brolly (2025) by

classifying the northern locations with infrequent dugong

sightings on the east and west side of Bahrain as dugong

“absent” sites and the southern locations as dugong “present”

sites. The resulting ranges for carbon stock measurements include

model estimates for both dugong absent and dugong present

scenarios (Table 3). The field measurements (Alkhuzaei and

Brolly, 2025) reveal, conservatively, that dugongs could be en-

hancing sediment C storage by between 1.7 × and 4 ×. Because the

previous sediment C sampling was conducted without regard to

the spatial occurrences or persistence of dugongs at sampling sites,

we conducted an additional sediment C survey targeted to a

known dugong occurrence location near Hawar Islands (Khamis

et al., 2025). Our survey (see Supplementary Material S3) pro-

duced estimates for sediment C stocks in the top 0–10 cm of 14 ±

2.15 (SD) kg C m-2. This measurement is 25% higher than the
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upper end of the range of model estimated sediment C in the

presence of dugongs (electronic Supplementary Material S2).

The model estimates of NPP and NECB across different

dugong aggregation sizes involved systematically changing the

original values of the 5 key parameters (Table 2) to produce a

balanced budget across a range from 10’s to 1800 individuals

(see Supplementary Material S2C). We used those values to exam-

ine variation in the dugong abundance-NPP relationship in terms

of additional NPP arising from dugong presence. This was esti-

mated by subtracting the mean estimated values of NPP for the

dugong absent (baseline) scenario (Table 3) from each estimate of

dugong impact on NPP across the different dugong densities

(Supplementary Material S2C). The same analysis was completed

for NECB. The analysis revealed that NPP varied positively with

dugong herd size (Figure 2). However, the data segregated into three

distinct domains of high, medium and low NPP (Figure 2). Most

parameters, and parameter changes, resulted in the highest esti-

mated carbon capture across dugong density. However, changes in

plant N recycling rate led to high and intermediate levels of NPP,

and changes in herbivore recycling rate and plant respiration rate

reduced NPP from the high to the low domain. Across a gradient

from the highest to lowest modeled aggregate herd sizes NPP

declined on average by 25% (range 7% - 53%) depending on

which domain of NPP vs dugong herd size relationship is being

considered. An identical trend was observed for NECB. However,

NECB was 0.7% lower than NPP at the highest modeled population

sizes. This implies that within the modeled range, dugong herd sizes

were never large enough to cause their methane and CO2 releases to

become a serious liability to the carbon budget. The modeling

suggests, however, that methane and CO2 releases could start to

become a liability on the carbon budgets of Bahrain seagrass

ecosystems at herd or population sizes greater than ~2000 individ-

uals. This underscores that the predominant impacts of dugongs on

the modeled seagrass ecosystem carbon budget (Table 3) are via the

recycling feedbacks.

The difference in the magnitudes of modeled NPP and NECB

across the gradient from high to low dugong herd sizes required

only small changes in the magnitudes of parameter values. Hence,
TABLE 3 Modeled and empirical estimates of seagrass ecosystem carbon storage in sediment, ecosystem carbon uptake via plant net production (NPP),

and net ecosystem carbon sink strength (aka net ecosystem carbon balance; NECB).

Scenario Modeled Empirical Source

dugong absent

sediment C (kg C m-2) 2.7 ± 0.63 2.09 – 7.6 1

NPP (kg C km-2 yr-1) 4.79 x 105 ± 9.27x 104 2.19 x 105 – 6.13 x 105 2

NECB (kg C km-2 yr-1) 4.79 x 105 ± 9.27 x 104

dugong present

sediment C (kg C m-2) 7.1 ± 1.8 2.0 – 8.5; 14 ± 2.15 1;3

NPP (kg C km-2 yr-1) 1.14 x 106 ± 2.8 x 105 N/A

NECB (kg C km-2 yr-1) 1.14 x 106 ± 2.8 x 105 N/A

Dugong aggregation size 744 ± 17 700 4
1. Alkhuzaei and Brolly, 2025; 2. Ganguly et al., 2017; Duarte, 2017; 3. this study; 4. Khamis et al., 2023.
The data reveal the estimated enhancing effect of dugongs on the seagrass ecosystem carbon budget. The reported values are mean ± standard deviation.
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the model estimates were sensitive (i.e., % change in estimate > %

change in parameter value) to most of the key parameters (sediment

C leaching rate, plant N uptake rate, herbivore N uptake rate, plant

N recycling rate, herbivore recycling rate and plant respiration rate:

Supplementary Material S2C). Increasing or decreasing parameter

values beyond those that produced the data for Figure 2 led either to

unrealistically high dugong herd sizes or negative herd sizes (i.e.,

herds could not be sustained by the higher or lower rates;

Supplementary Material S2C). Hence the model estimates of

ecosystem C budgets for realistic dugong abundances in the study

region are produced by narrow range of parameter values. This

suggests that a balanced budget when dugongs are present might be

easily disrupted by even modest environmental changes that alter

the magnitude of dugong impacts on biogeochemical parameters.
4 Discussion

The conservation of seagrass ecosystems is increasingly seen as

being vital to ensure the sustainability of ecosystem services,

especially regulating services such as carbon capture and storage,

and provisioning services in support of providing habitat for animal

biodiversity and food webs (Henjowicz et al., 2015; Arkema et al.,

2023). However; the provisioning of seagrass habitat for animals

and food webs tends to be treated as a co-benefit of conserving

ecosystems for carbon capture and storage (Henjowicz et al., 2015;

Arkema et al., 2023), in line with the current custom in broader
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discussions about animal conservation and nature-based climate

mitigation (e.g., Soto-Navarro et al., 2020; Smith et al., 2022; Lamba

et al., 2023). The consideration of animal conservation as a co-

benefit, however, underappreciates the integral functional role of

animals in marine ecosystems where their food web interactions

may exert feedback control over carbon capture and storage

(Martin et al., 2021; Maxwell et al., 2017; Schmitz and Leroux,

2020). However, the science supporting the inclusion of large

marine vertebrates such as dugongs as part of feasible blue carbon

solutions is still in its infancy; consequently, there is a general lack of

understanding of the magnitude of their impacts (Meynecke et al.,

2023; Jiménez-Ramos et al., 2025).

Our modeling aimed to enhance quantitative understanding of

dugong effects by exploring how the interplay among elemental

(e.g., C and N) uptake via foraging, elemental capture and storage

within vegetation and animal biomass, elemental release via respi-

ration and body wastes (urine, feces and carcasses), and disturbance

that cause elemental leaching from sediments (Figure 1) controls

seagrass ecosystem carbon capture in vegetation and storage in

sediment. Dugong grazing has the potential to significantly reduce

the capacity of seagrass ecosystems to capture and store carbon by

reducing aboveground seagrass biomass by up to 96%, belowground

biomass by up to 73%, and overall biomass by up to 86%, and

coverage by as much as 94% (Wirsing et al., 2022). Yet seagrasses

have been found to be resilient to heavy dugong grazing even over

relatively short time periods (3–8 months; Wirsing et al., 2022). Our

modelling creates this high resilience through dugong release of

nutrients that support enhanced seagrass primary production and

net ecosystem carbon balance. This conforms with empirical

observations of dugong nutrient recycling that increase microbial

activity in the sediment, therefore contributing to increased nitro-

gen fixation and plant production (Aragones et al., 2006). However,

other mechanisms not considered in our modelling, could also

explain the resilience. For instance, a high level of biomass loss

requires seagrass meadows to completely regrow with NPP derived

largely from young shoots, rather than regrow from older shoots

that have higher content of non-photosynthetic tissues, higher

community respiration rates, and possible self-shading (Egea

et al., 2023). Thus, heavy grazing by mega-grazers such as dugongs

may revert older seagrass beds to younger-age seagrass ecosystem

states thereby stimulating increases in carbon capture and storage

(Egea et al., 2023).

Our modeling analysis reveals that a herd size of ~700 individ-

uals may be contributing to blue carbon strategies by enhancing

sediment C storage by 2.63 times above that stored in their absence,

with a range of uncertainty of 1.1 – 7.6 times higher. The modeling

illustrates that this increased sediment storage is a consequence of

dugongs enhancing NPP and NECB by an estimated average 2.4

times relative to their absence, with a range of uncertainty between

1.1 – 4.2 times higher. These estimated increases in carbon capture

and storage due to dugong presence fall within the range of

empirical estimates for animal driven effects in 11other terrestrial

and coastal marine ecosystems, including sharks in coral reefs and

sea otters in kelp forests (Schmitz and Leroux, 2026).

At a herd size of ~700, it is estimated that dugong impacts on

the ecosystem could lead to an additional 5.5 x105 kg C km-2 y-1
FIGURE 2

Model-estimated potential effects of changing dugong abundance
(herd size) on the amount of carbon captured by the seagrass
ecosystem. The values represent the additional amount of carbon
captured due to dugong presence. This is calculated as the
difference between the total estimated amount of ecosystem
carbon captured (NPP) with dugongs present at a given abundance
and the average total estimated carbon captured in the absence of
dugongs, presented in Table 3. The differences in trends (lower,
middle and upper lines) result from changing the magnitude of
different key model parameters. The range of abundances
considered in the modeling includes the maximum observed herd
size (700 animals) and the mean estimated total population size
(1164 animals) in the waters of Bahrain. The model results reveal that
there could be between 7% to 53% loss in carbon capture
(difference between solid and dashed lines) should the dugong
population be lost due to human alteration or development around
critical seagrass beds.
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being captured, with an uncertainty range between 1.9 x105 – 9.5

x105 kg C km-2 y-1 (Figure 2). Across the entire 145 km2 focal

seagrass conservation area in Bahrain, this translates into a potential

additional uptake of 7.9 x107 kg C y-1 (i.e., 79, 700 metric tons

C y-1), with an uncertainty range of 2.7 x107 - 1.4 x108 kg C y-1 (or

27, 000 -140, 000 metric tons C y-1). Moreover, sediment carbon

storage is estimated to increase by 4.4 kg C m-2 in the presence of

dugongs (with a range of uncertainty of 0.1 – 9.4 kg C m-2). This

could mean that dugong impacts on the focal seagrass ecosystem

could eventually increase sediment carbon stocks by 6.38 x108 kg

(i.e., 638, 000 metric tons, with an uncertainty range of 14, 500 – 1,

363, 000 metric tons). These values could increase by up to 4 times if

dugongs occupied the entire spatial extent of seagrass ecosystem

around Bahrain (591 km2: Khamis et al., 2023).

These findings suggest a need to reconsider the prevailing view

that conserving seagrass beds for carbon storage merely provides a

conservation co-benefit of protecting habitat for animals (Henjowicz

et al., 2015; Arkema et al., 2023), to one that sees animals such as

dugongs undergirding conservation by engineering seagrass ecosys-

tem structure and productivity via their integral functional role in

the ecosystem (Scott et al., 2018; Schmitz et al., 2023). This

perspective may help explain why dugong spatial occurrences are

often regarded as indicators of productive seagrass habitats beds

(Khamis et al., 2022). Comparison of the model outputs with

available empirical data provides some preliminary support for the

ecological plausibility of the modelled carbon dynamics in the

seagrass ecosystem. The results, therefore, highlight the importance

of considering dugong presence when estimating seagrass carbon

budgets. However, further empirical research is needed to explicitly

test model predictions by quantifying seagrass carbon budgets in the

presence and absence of dugongs.

Quantifying dugong effects will avoid producing incomplete or

biased country-level accounts of seagrass ecosystems to NDC’s.

Indeed, when placed in the context of Bahrain’s national emissions

reporting (https://unfccc.int/documents/655129), this estimated

magnitude of dugong-associated carbon capture and storage,

when expressed in CO2e, is comparable in scale to the individual

annual emissions of several major sectors (i.e., components of fuel

combustion, industry, agriculture and wastewater treatment in

2022). It is also equivalent to roughly 10-30% of 2022 emissions

from large sectors such as transport, oil and gas production and

aviation (https://unfccc.int/documents/655129). The modelling

thus offers an approach to assist conservation decision-making

aimed at jointly considering the conservation of dugongs and

their functional roles in seagrass ecosystems and improving nature’s

contribution to carbon capture and storage as reflected in NDC’s.

The modeling further highlights the importance of defining

target dugong population sizes in efforts to conserve or restore their

populations, given that the amount of additional carbon captured

by the seagrass ecosystem is estimated to vary with dugong herd size

(Figure 2). Across the entire range of realistic dugong numbers for

the Bahrain waters, from lowest (~ 10’s individuals) to highest

(1800 individuals), the modeling suggests that the exact amount of

carbon captured could increase by an average of 25% with a range of

uncertainty between 7% - 53%. These percentage changes are

estimated to be identical for both NPP and NECB, with NECB
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accounting for storage of C in animal biomass (secondary produc-

tion) and release of C via CO2 respiration and enteric methane

emissions. Differences between NPP and NECB only begin to arise

at much higher dugong aggregation (population) sizes. Thus, the

modeling suggests that despite their large sizes (500 kg), dugongs at

abundances observed in waters surrounding the Kingdom of

Bahrain are unlikely to have an appreciable additive effect on

greenhouse gas emissions from their bodies.

The trophic structure and mass balance principles used to

model the ecosystem dynamics in this study are similar to those

used in previous modeling to describe functional relationships

among seagrass animals, including sirenians (manatee [Trichecus

manatus]), and plants (Freire et al., 2008; Castelblanco-Martıńez

et al., 2012; Lee et al., 2021). However, unlike the modeling

presented here which explicitly predicts productivity and biomass

as emergent properties of animal driven biogeochemical cycling, the

previous modeling starts with data on species biomass, species

production, and biomass to production ratios as input variables.

The general aim of previous modeling is to use these input data to

quantify the amount of biomass and energy flowing from different

plant trophic groups to different higher trophic compartments (i.e.,

assumes the system is bottom-up controlled). There was the further

aim to estimate the amount of primary productivity needed to

support an intact functional ecosystem in support fisheries exploi-

tation (Freire et al., 2008). That modeling accounts for the propor-

tion of total ecosystem productivity flowing through manatees and

thus isolates their functional role as a consumer of biomass (e.g.,

Freire et al., 2008; Castelblanco-Martıńez et al., 2012). However, it

does not account for top-down recycling feedback and thus does

not account for the role that sirenians may play in controlling the

level of ecosystem production and associated carbon capture via

feedback mechanisms. Consistent with the previous modeling,

however, our study shows that under mass-balance an intact

seagrass ecosystem that includes animals requires a higher level of

productivity to sustain it. But that higher level of seagrass produc-

tivity in our modeling is engineered by the recycling feedback by the

very animals that consume it (i.e., a sustained interplay between

bottom-up and top-down control). This highlights that conven-

tional approaches to study sirenian effects on seagrass ecosystems,

focused predominantly on seagrass foraging, will provide an in-

complete understanding of dugong effects.

Conventional studies of dugong ecology align with previous

modeling (Freire et al., 2008; Castelblanco-Martıńez et al., 2012; Lee

et al., 2021) by assuming that seagrass ecosystems are bottom-up

controlled. These studies thus focus on quantifying biomass re-

moval during feeding (Preen, 1995; Masini et al., 2001; Aragones

et al., 2006; Wirsing et al., 2022) motivated by a classic bioenergetics

paradigm in animal ecology that considers intake of available

biomass and energy in relation to metabolic demands (Best,

1981). There is recognition that dugong foraging may stimulate

plant productivity as a compensatory response, and that N recycling

is key a key driver of that response (Aragones et al., 2006; Wirsing

et al., 2022). However, this recognition is used merely to explain

how dugongs may improve the nutritional quality of their plant

resources. It does not consider further the whole ecosystem dy-

namical consequences of recycling.
frontiersin.org

https://unfccc.int/documents/655129
https://unfccc.int/documents/655129
https://doi.org/10.3389/fmars.2026.1816090
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Schmitz and AlMealla 10.3389/fmars.2026.1816090
Our modeling shows that reducing uncertainty in estimated

dugong effects on whole ecosystem carbon cycling will require

complementing the classic energetics approach in animal foraging

ecology with a stoichiometric approach that explicitly quantifies

elemental (N and C) intake in relation to metabolic elemental

demand while foraging, and elemental release via metabolic body

wastes, to obtain more accurate consumption and recycling esti-

mates. As well, it requires expanding the field measurement of C

and N fluxes and storage between sediment and plant compart-

ments (Macreadie et al., 2014) to include measurement of fluxes and

storage due to dugong presence. However, accounting of dugong

effects will require systematic comparison between two ecosystem

states in which dugongs are present vs experimentally excluded or

naturally absent, as was emulated in the modeling scenario analyses

and conducted for other mega-grazers (e.g., Gulick et al., 2020).

Accounting for animal driven effects on stocks and flows of carbon

also requires better data on how dugong bioturbation affects the

amount of sediment C and N that is released into the water column

and exported out of the ecosystem relative to conditions where

dugongs are absent. Furthermore, there is a need for more detailed

measurement on how dugong grazing affects seagrass C respiration

and N uptake and C and N allocation in seagrass tissue, which can

be facilitated using isotope tracer experiments (e.g., Strickland

et al., 2013).

The modeling presented here embodies principles of elemental

recycling to sediments by animals as an important feedback

mechanism in seagrass ecosystems (Maxwell et al., 2017).

However, it treats the sediment as a “black box” and thereby does

not explicitly consider the role of microbes in regulating elemental

cycling. Our modeling merely approximates the effects of elemental

recycling inputs and respiratory and leaching outputs of C by

adjusting parameter estimates that account for dugong release

and disturbance (Figure 1). Alternative principles suggest that

much of dugong body waste that is released to the water column

is unlikely to settle in the sediment bed, and thereby unlikely to have

a measurable effect on seagrass ecosystem functioning (Aragones

et al., 2006). Instead, it may be dugong feedback via disturbance of

sediments while foraging, and cascading impacts on microbial

functioning that may be the more important control on sediment

recycling processes and C storage (Aragones et al., 2006). Further

empirical work is needed to resolve how the mechanisms operate

and their relative magnitude of effect.

In conclusion, we illustrated how to apply a general model of

animal-driven carbon cycling to derive first approximation esti-

mates of the feasibility of using specific conservation projects to

enhance ecosystem carbon capture and storage. Our analysis for

dugongs shows that they may strongly influence seagrass produc-

tivity and sediment carbon storage through a combination of

biomass removal, sediment disturbance, and rapid nutrient recy-

cling. Comparison of our model estimates with empirical data

provides some support for its predictive reliability, even though

there is a margin of uncertainty that needs to be better constrained

with more concerted field measures that deliberately quantify

dugong foraging and recycling effects on net primary production

(NPP), net ecosystem carbon balance (NECB) and sediment carbon

stocks. Nevertheless, our findings underscore the need to consider
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the link between conserving dugongs (and perhaps other mega-

grazers) and their habitat with the climate mitigation value of

seagrass ecosystems because explicitly accounting for their func-

tional roles may be critical to avoid underestimating blue carbon

contributions in NDC accounting.
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