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Abstract. The distribution and accumulation of organic matter, nitrogen (N) and phosphorus 
(P) in mangrove soils at four sites along the Shark River estuary of south Florida were 
investigated with empirical measures and a process-based model. The mangrove nutrient 
model (NUMAN) was developed from the SEMIDEC marsh organic matter model and 
parameterized with data from mangrove wetlands. The soil characteristics in the four 
mangrove sites varied greatly in both concentrations and profiles of soil carbon, N and P. 
Organic matter decreased from 82% in the upstream locations to 30% in the marine sites. 
Comparisons of simulated and observed results demonstrated that landscape gradients of 
soil characteristics along the estuary can be adequately modeled by accounting for plant 
production, litter decomposition and export, and allochthonous input of mineral sediments. 
Model sensitivity analyses suggest that root production has a more significant effect on soil 
composition than litter fall. Model simulations showed that the greatest change in organic 
matter, N, and P occurred from the soil surface to 5 cm depth. The rapid decomposition 
of labile organic matter was responsible for this decrease in organic matter. Simulated N 
mineralization rates decreased quickly with depth, which corresponded with the decrease 
of labile organic matter. The increase in organic matter content and decrease in soil bulk 
density from mangrove sites at downstream locations compared to those at upstream 
locations was controlled mainly by variation in allochthonous inputs of mineral matter at 
the mouth of the estuary, along with gradients in mangrove root production. Research on 
allochthonouns sediment input and in situ root production of mangroves is limited compared 
to their significance to understanding nutrient biogeoehemistry of these wetlands. More 
accurate simulations of temporal patterns of nutrient characteristics with depth will depend 
on including the effects of disturbance such as hurricanes on sediment redistribution and 
biomass production. 

Introduct ion 

L o n g - t e r m  g e o m o r p h i c  and g e o c h e m i c a l  p roces ses  a long  wi th  p r i m a r y  

p r o d u c t i o n  l a rge ly  con t ro l  the fo rma t ion ,  p h y s i c a l  p roper t i e s  and  c h e m i c a l  
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composition of mangrove wetland soils (Thorn 1982). Soil chemical and 
physical characteristics have been suggested as significant constraints of man- 
grove structure and productivity (Boto & Wellington 1984; Twilley 1995). 
Furthermore soil formation has also been considered an important process 
contributing to biogenic carbon sinks in tropical coastal regions (Twilley et 
al. 1992; Parkinson et al. 1994). Soil formation in mangrove wetlands, as in 
other intertidal wetlands, is the combination of several ecological processes 
including organic matter production (above and below ground components), 
export, decomposition, and burial; as well as sedimentation of allochthonous 
inorganic matter. Organic matter dynamics are tightly coupled to the biogeo- 
chemical cycles of nitrogen (N) and phosphorus (P) in wetland soils by the 
processes of decomposition, mineralization and plant uptake. 

Quantifying these processes can provide insights into the biogeochem- 
istry of mangrove soils and nutrient recycling and their effects on mangrove 
forest development. However, the temporal scales of these soil processes in 
mangrove wetlands vary from daily to thousands of years (Scholl 1964a, 
b). Biogeochemical models that reconstruct sediment profiles can provide 
insights into the relative significance of these processes to the accumulation 
of organic matter and nutrients in wetland soils (Morris & Bowden 1986). 
This will provide a better understanding of how the time scales of geophysical 
and ecological processes control soil fertility gradients in mangrove wetlands. 
Results of these simulation models of nutrient biogeochemistry can then be 
used to link geophysical processes to forest dynamics that are simulated in 
similar decadal time periods (Chen & Twilley 1998). 

To study nutrient biogeochemistry of mangrove soils, we developed 
a simulation model, NUMAN, based on published models for marsh 
(SEMIDEC, Morris & Bowden 1986) and grassland communities 
(CENTURY, Parton et al. 1987). The objectives of this study were to: (t) 
quantify profiles of soil organic matter, N and P concentrations with depth 
in mangrove soils along the Shark River estuary of the Everglades National 
Park; (2) modify the SEMIDEC model to examine the effects of forest 
production, litter export, decomposition and sedimentation on organic matter, 
N and P distributions in mangrove soils; (3) calibrate NUMAN with measure- 
ments of spatially explicit variables along the Shark River estuary; (4) identify 
key ecological processes from sensitivity analyses of NUMAN that account 
for spatial and temporal differences in mangrove soil constituents along the 
estuary. We used NUMAN to project changes in soil organic matter and 
nutrients in riverine forests to test the relative importance of ecological and 
geophysical processes on the biogeochemistry of mangroves along the Shark 
River estuary. The structure of these models and sensitivity analyses of 
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selected functions can provide important insights to the ecologically signifi- 
cant processes of soil formation in mangrove wetlands. 

Study site 

Plots were established in four mangrove sites (S 1, $3, $4 and $6) and sampled 
for soil characteristics along the Shark River estuary in the Everglades 
National Park at distances about 1.8, 4.1, 9.9 and 18.2 kin, respectively, from 
the mouth of the estuary (Chen 1996; Chen & Twilley 1998). This region 
consists of 1-4 m deep peat accumulating above a mainland carbonate Oolite 
platform (Davis 1940; Scholl 1964a, b). Mangrove habitats in $1 and $3 are 
referred to as downstream locations of the Shark River estuary, while $4 is 
intermediate and $6 is an upstream location, following the terminology of 
Duke (1992). Plots were about 10 to 20 m inland from the estuary at sites S1, 
$3 and $4, and about 5 m inland at $6 due to the restricted zone of mangroves 
along this upstream region. The major source of freshwater to the estuary 
is from the Shark River Slough, and a salinity gradient is represented by 
average pore water salinities of 3.6, 14.3, 17.3 and 27.5 g/kg at $6, $4, $3 and 
S 1, respectively. Forest basal area increased along this salinity gradient from 
lower values in the upper and intermediate estuary (20.7 and 19.6 mZ/ha) to 
nearly double these values in the lower estuary (40 m2/ha) (Chen & Twilley 
1998). Laguncularia racemosa had a higher importance value in the lower 
estuary, whereas Rhizophora mangle dominated in the intermediate and upper 
estuary. 

Soil chemical analyses 

We report on the depth distribution of soil characteristics at four mangrove 
sites along the Shark River estuary using three sampling approaches 
described in Chen (1996). Three stations were randomly selected in each 
mangrove site and marked for three repeated measures of soil total nutri- 
ent and N mineralization in August 1994, January and May 1995. For total 
nutrient concentrations, cores with a 5.0 cm diameter were sampled to a depth 
of 40 cm and sectioned at 10 cm intervals. Soil subsamples were oven dried 
to constant weight at 60 ~ and ground with a Wiley Mill to pass through a 
250 # m  mesh. Total C and N content of two replicates of each sample were 
determined with a LECO elemental analyzer using standard protocols. Total 
P was extracted from soils with 1N HC1 after ignition at 550 ~ (Aspila et 
al. 1976) and determined by using molybdenum blue and ascorbic acid as 
reducing agents (Parsons et al. 1984). For N mineralization rates, intact soil 
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samples were sampled at 10-cm intervals to 40 cm depth with a glass tube (2.5 
cm diameter and 10 cm length) inserted within a soil probe. N mineralization 
rates were based on changes of inorganic N concentrations in intact soils 
incubated at 25 ~ (Chen 1996). 

Sedimentation rates were determined with 15.2 cm diameter polyvinyl 
chloride tubes driven to a depth of 60 cm and sectioned at 2 cm intervals. 
One core was taken at each of four sites in June 1994. Soil samples were dried 
at 60 ~ to constant mass and weighed for dry bulk density. Concentrations 
of organic matter, total N, and total P were determined on each section as 
described above. Organic matter (% ash free dry weight, AFDW) was deter- 
mined by combusting each sample at 400 ~ (Davies 1974). Vertical sediment 
accretion was determined at S1 and $3 based on depth distribution of 21~ 
using sample preparation and dating techniques described by Lynch et al. 
(1989). Each 2 cm section was counted in a Canberra silicon barrier detector 
to determine total 21~ activity. Excess 21~ activity was determined 
by subtracting supported 21~ as determined by the visual inspection of 
constant 21~ activity in the deeper sections of the core, from total 21~ 
activity. 

Model description 

Soil organic matter submodel 

A mangrove soil nutrient model (NUMAN) was adapted from a mechanistic 
and process-based model, SEMIDEC (Morris & Bowden 1986), which simu- 
lates the vertical distribution of organic matter, N, and P concentrations, as 
well as rates of mineralization in marsh sediments. Models using multiple 
compartments of soil organic matter have been used for terrestrial forests 
(LINKAGE, Pastor & Post 1986; VEGIE, Aber et at. 1991), grasslands 
(CENTURY, Parton et al. 1987; Parton et al. 1988) and marshes (Gardner 
1990). Two pools of soil organic matter in a marsh are distinguished in the 
SEM1DEC model. One is the labile organic matter (LOM), with relatively 
rapid decay, which is analogous to the 'active' fraction of soil organic matter 
in the CENTURY model (Parton et al. 1987). The other pool is refractory 
organic matter (ROM), with slower decay, which is conceptually similar to 
the 'passive' fraction of soil organic matter in the CENTURY model. 

A unique characteristic of the SEMIDEC model compared to other soil 
organic models is the calculation of the vertical profile of organic matter 
and nutrients. The SEMIDEC uses a life-history approach to describe the 
dynamics of soil organic matter and treats soil horizons as year-class cohorts, 
which are modified by root production and decomposition of organic matter 
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over time as they are buried. A successful feature of the SEMIDEC model 
is the simulation of diagenesis for a single year cohort of sediment within 
a specific unit surface area, including calculations of organic matter, N and 
P contents in the year-class cohort. The input rates of organic and inorganic 
matter to a sediment cohort are assumed to be constant over time, however, 
these rates can be a function of time for other applications. The model uses a 
one year time step. 

Our NUMAN model adapted the SEMIDEC approach, with modifications 
to include some of the biogeochemical processes that are unique to coastal 
forested wetlands including litter production and wood decomposition. Litter 
fall can be the major input of organic matter to the soil surface. Annual litter 
production including leaf litter and twigs (LP, Mg ha -1 yr -~) is expressed as 
a direct function of forest basal area (BA, m2/ha): 

LP = 1.33 + 0.292BA. (1) 

The above equation was obtained by fitting a regression to data collected 
from 17 mangrove stands in Florida, Puerto Rico and Mexico (R 2 = 0.6, P < 
0.0001; data from Pool et al. 1975; Pool et al. 1977; Heald et al. 1979; Twilley 
et al. 1986; Day et al. 1987). Besides litter fall, dead trees also contribute 
organic matter to the forest floor (Robertson & Daniel 1989; Gong & Ong 
1990). Not all of these sources contribute organic matter to the soil, some 
of them are exported by tides and runoff, or consumed by animals (Heald 
1969; Boto & Bunt 1981; Twilley 1985). The net accumulation of litter into 
mangrove soil surface is calculated as: 

NLP = flLP(1.0 - 1%); 

NTP = (1.0 - fl)LP(1.0 - 1%); 

NWP = kmB(1.0 - 1%); 

(2) 
(3) 
(4) 

where NLR NTR NWP are annual net accumulation of leaf litter, twigs, and 
dead wood in mangrove soil surface, respectively. LP is expressed as g cm -2 
Yr -1, fl is a ratio of leaf litter to total litter, and other parts of litter were 
treated as twigs. 1%, the rate of litter export, is a site-specific constant related 
to loss of standing litter, which is a function of hydrology, topography, and 
the activity and frequency of consumers (Twilley et al. 1997). km (yr -1) is the 
turnover rate of wood biomass and B is above ground biomass (g/cm2). 

Net deposition of leaf litter is assumed to be partitioned directly into two 
pools corresponding to labile and refractory soil organic matter, which is 
based on the lignin content (Co) of leaf litter. The lignin fraction of leaf litter 
is incorporated into the refractory pool, while tile remainder becomes part 
of the labile pool. The compartments of standing dead wood and twigs have 
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a specific decay constant, kw and kt, respectively. Decomposition of dead 
wood and twig litter in the surface cohort are separated between microbial 
respiration and transfer to the ROM pool in the soil. The first stage of decay 
for both dead wood and twig litter is respiration that represents a mass loss 
of 45% (f2), as in the CENTURY model for decomposition of structural 
organic matter. The contribution of above ground litter to the cohort initially 
is calculated as: 

LOM(0) = NLP(1.0 - c0)(1.0 - El); (5) 
ROM(0) = {Co NLP + (1.0 - f2)[ktNTP + kwNWP]}(1.0 - cl); (6) 

where Cl is ash content of litter. 
The distribution of mangrove roots is an exponential function with depth 

(Komiyama et al. 1989) as follows: 

R = R0exp(-eD);  (7) 

where R is root mass (g/cm 2) at depth D (cm), R0 is root mass at the surface 
(g/cm2), and e is the attenuation rate (cm -1) of root mass with increasing 
depth (D) from the surface. Root biomass within a soil cohort was calculated 
as in the SEMIDEC model: 

R(t) = R0f~tbexp(-eD)dD = R0[exp(-eDb) - exp(-eDt)] / ( -e) ;  (8) 

where Db and Dt are the upper and lower depths (cm) of the soil cohort, 
respectively. Lacking direct information on root biomass for our study sites, 
we used the following turnover rates to estimate annual fine root production 
(FRP) (g cm -2 yr -~) and large root production (LRP) (g cm -2 yr -1) in the 
soil cohort, respectively: 

FRP(t) = krR(t); (9) 

LRP(t) = kmR(t); (10) 

where k~ is turnover rate of fine roots. The turnover rate of main roots is 
estimated using the rate of above ground wood production (km). Upon their 
death, roots also contribute to pools of LOM and ROM in the soil. The mass 
of LOM in a soil cohort is based on organic matter input and decomposition 
in each annual cohort of soil as modified from Morris and Bowden (1986): 

LOM(t + 1) = LOM(t) - kLOM(0 + [(1.0 - fcl)FRP(t) + (1.0 - 

fc2)LRP(t)](1.0 - el) + ROM(t)kc (1.0 - f2); (11) 

where k is the decay constant of LOM, fcl and fc2 are fractions of fine roots 
and large roots that are ROM, respectively. Since decomposition rates of 
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LOM in above and below ground components of the soil can differ signif- 
icantly, the NUMAN model modifies the SEMIDEC model by specifying k 
as either ka for the decomposition of LOM from t = 0 to 1 or  k b for the 
decomposition of LOM from t > 1.1% is the decay constant of ROM. 

Inputs of ROM include the refractory fraction of roots and residue from 
the decomposition of LOM. This pool of ROM decays at a slow rate described 
by the equation: 

ROM(t + 1) = ROM(t) - I%ROM(t) + [fclFRP(t) + fc2LRP(t)] 

(1.0 - cl) + kLOM(t)f3; (12) 

where f3 is a proportion of decomposing LOM that enters ROM. Our 
NUMAN model adapted the CENTURY approach, instead of SEMIDEC, 
to allow for a flow of organic matter between ROM and LOM, which is 
indicated in equations (11) and (12), Total organic matter (TOM) in a soil 
cohort is equal to the sum of these two organic pools plus root organic matter 
expressed as: 

TOM(t) = LOM(t) + ROM(t) + R(t)(1.0 - Cl). (13) 

Inputs of inorganic material to the soil surface include allochthonous 
inorganic matter and release of minerals from decomposing litter. We 
assumed that root uptake of inorganic matter is restricted to the top layer 
of soil, because this is where most of the fine absorbing roots in mangroves 
soils are found (Clough 1992). The model also assumed that the uptake of 
inorganic matter for root growth is balanced by release of inorganic matter 
from dead roots in steady state. Therefore, the amount of inorganic matter 
within each soil cohort under the surface cohort was assumed constant with 
depth. The amount of inorganic matter in the surface cohort (Wi) is calculated 
as: 

Wi(0) = Si - ca(LP + kmB); (14) 

where Si is the annual deposition of mineral sediment ( g c m  -2 yr  -1)  on the 
surface including allochthonous input and release from surface litter. 

The volume of a soil cohort (V) is expressed as: 

V(t) = [LOM(t) + ROM(t) + R(t)l/bo + Wi(t)/bi; (15) 

where bo and bi are  the bulk density of organic matter and inorganic material 
(g/cm 3) within the soil cohort, respectively. For organic soils, the inorganic 
term in the above equation (15) is eliminated in the SEMIDEC model. Each 
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soil cohort in the model represents 1 yr of organic and inorganic matter accu- 
mulation per unit area (cm 2) of soil. The volume of a soil cohort is its vertical 
height (cm), therefore 

Db = Dt q- V(t); (16) 

w h e r e  Db was solved numerically corresponding to the new cohort depth 
based on the volume of organic and inorganic matter in that cohort (for a full 
description of these calculations see Morris & Bowden 1986). Then this new 
depth was used to calculate root biomass within the soil cohort. The overall 
bulk density (BD, g/cm 3) of that soil cohort is the sum of LOM and ROM, 
root biomass and inorganic material divided by height of the cohort using: 

BD(t) = (LOM(t) + ROM(t) + R(t) + Wi(t))/(Db - Dt). (17) 

The SEMIDEC model simulates AFDW concentrations; and we added 
simulations of bulk density in the NUMAN model. This allowed us to esti- 
mate pools of organic matter (g/cm 3) with depth in mangrove soils and 
compare those simulated concentrations to observed pools of organic matter. 
Notice that this model does not account for the effect of compaction on soil 
formation, given the shallow depths that are simulated (to 60 cm depth) in 
this study. 

Soil nitrogen and phosphorus submodel 

Two organic N pools are distinguished as labile and refractory N analogous 
to those used for the organic matter submodel. The total input of N into man- 
grove wetlands is from atmospheric deposition, N fixation and tidal water 
exchange (Alongi et al. 1992). The model assumes a total N input (Sn, 
gN cm -2 yr -1) without distinguishing the relative inputs from each source 
because of a lack of information on each process (Pelegri et al. 1997; Pelegri 
& Twilley 1998). N cycling in mangrove wetlands is also influenced by 
processes associated with litter decomposition. Therefore the annual input 
of N in surface cohort of mangrove soil is assumed as: 

NI(0)  = (1.0 - fn~)c2NLP + (1.0 - fn2)Sn; (18) 

Nr(0) = fnlczNLP + fnzSn + (1.0 - fz)c3(ktNTP + kwNWP); (19) 

where respectively, N1 and Nr are  labile and refractory organic N; fn! and fI12 
are refractory fractions of N from leaf litter and allochthonous inputs; c2 and 
c3 are N concentrations of leaf litter and residual litter. 

Following an assumption in the SEMIDEC model, NUMAN calculates N 
mineralization as proportional to the amount of labile organic N. However, 
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field studies of N mineralization in mangroves along the Shark River estuary 
indicated that this process is also influenced by the availability of total P in the 
soil (Chen 1996). We modified the N mineralization equation in SEMIDEC 
by multiplying it with a P factor as follows: 

Nmin(t) = mNl(t)P(t - 1); (20) 

where N m i n ( t )  is the gross mineralization rate (gN cm -2 yr-1). The coefficient 
m is the specific mineralization rate of labile N, which takes into account the 
effect of P in a cohort (equation 24 and 25) on N mineralization. Additional 
N in each cohort is from litter root production using equations from the 
organic matter submodel. N loss from mangrove soil occurs as a result of 
plant uptake, immobilization, leaching, ammonia volatilization, and denitli- 
fication. The model calculated N loss as a function of gross N mineralization 
from the soluble N pool, but did not trace the specific processes contributing 
to N loss: 

Nl(t + 1) = N~(t) + (1.0 - fnl)c4(FRP -I- LRP) - k n r N m i n ( t  - 1); (21) 

Nr(t + 1) = Nr(t) + fnlc4(FRP + LRP); (22) 

where c 4 is N concentration of roots. The coefficients of r and kn are defined 
in SEMIDEC as residence time (yr) and specific loss rate (yr -1) of soluble N. 
Total amount of N in a soil cohort (TN) is calculated as 

TN(t) = Nl(t) + Nr(t) + c4R(t). (23) 

Inputs of P into mangrove soils include organic P from decomposing litter 
and allochthonous P deposition on the soil surface. Based on an approach of 
the SEMIDEC model, the NUMAN model calculates P loss as proportional 
to the mineralization rate of N: 

P(0) = Sp -~- cs(NLP + ktNTP + kwNWP); (24) 

P(t + 1) = P(t) + cs(FRP + LRP) - k~rNn~n(t + 1)/f4; (25) 

where Sp is the annual deposition of allochthonous P (gP cm -2 yr -1) on the 
soil surface, c5 is the concentration of P in litter. The ratio of P loss relative 
to the rate of N mineralization is f4. 
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Model parameterization and calibration 

Literature values 

Decay of LOM in the NUMAN model occurs in the surface and sub-surface 
strata of mangrove soils. The decay constant of leaf litter from experiments 
using litter bags was used to estimate the decomposition rate of LOM at 
the soil surface, ka. The average decay constant of Rhizophora mangle and 
Avicennia germinans leaves was 0.9 yr -1 in a mangrove wetland of southwest 
Florida using 1 mm mesh litter bags (Twilley et al. 1986). The decomposition 
rate of LOM under the surface sediment, kb, was estimated from a mangrove 
root decomposition experiment using bags buried in wetland soils (van der 
Valk & Attiwill 1984). There are only a few measurements of wood decompo- 
sition in mangrove wetlands, and results show that decay constants for wood 
and twigs are 0.083 and 0.276 yr -1, respectively (Robertson & Daniel 1989). 

The turnover rate of wood (kin) was calculated as an average value for 
the four mangrove sites based on the relationship between woody production 
and above ground biomass, similar to the assumption in the forest model by 
Aber et al. (1991). The quantity and productivity of below ground biomass 
of mangrove wetlands is poorly understood. Two forests in Puerto Rico and 
Panama dominated by Rhizophora have an average ratio of below ground to 
above ground biomass of 0.74 (Golley et al. 1962; Golley 1975), which was 
used to calculate below ground biomass for this study. Roots were assumed 
to be restricted to depth of 150 cm at all four sites in our study. 

Parameters in the model including fcl, fc2, kr and ke are unknown from the 
literature on mangrove ecology. We assumed that the fraction of fine and large 
roots that contributed to the pool of ROM was similar to the fraction for leaf 
litter. A root decomposition experiment demonstrated that the weight loss was 
higher for main roots than fibrous roots (van der Valk & Attiwill 1984), thus 
fcl was set greater than fc2 (fcl = 0.25 and fc2 = 0.20). We used the turnover 
rate of fitter production to above ground biomass (0.05 to 0.15) as an Mtial 
estimate of kr. A value of 0.4 was used for ke in the initial simulations based 
on organic matter export in a well-developed Rhizophora mangle forest in the 
North River, near the Shark River estuary (Heald 1969). 

Field studies 

Two way ANOVA showed that there were significant effects of site on total 
soil C, N and P in concentration (per unit dry weight) and mass (per unit 
volume) (Table 3). Total C and N concentrations showed a gradient with an 
increase from SI to $6, but values of total C and N per unit volume were 
higher in SI and $6 than $3 and $4. In contrast, both total P concentrations 



103 

10- 

20- 
E o 
,'- 30- 

a 
40- 

50- 

60 

Activity of Pb-210 (dpm/g) 
0.1 1 

0 , , ~ , , , , ,I  

$1 

10 
I I I ~ 1 1 [ I  

O 
O 
O 

O 
O 

t 
O 

0.1 
0 

10 

2 o  

o 
 .3o 

40 

50 

60 

Activity of Pb-210 (dpm/g) 
1 

, , , , , , , , I  , , , , ~  

$ 3  ..~ 

r2=0.92 

10 

Figure 1. Excess 210pb activity for the Shark River estuary mangroves, the Everglades 
National Park. 

and mass decreased from S1 and $3 to $6. Generally, the concentrations of 
C, N and P decreased slightly with depth, however, the effects of depth on 
these nutrient concentrations were less than that of site (Table 3). Average 
concentrations of organic matter (% AFDW) to a depth of 60 cm increased 
from S1 to $6 with values of 30%, 45%, 62% and 82% at S1, $3, $4 and $6, 
respectively. In contrast to AFDW, bulk density decreased from S 1 to $6 with 
a value of 0.44, 0.22, 0.19 and 0.14 g/cm 3 as a result of increased organic 
matter content. 

The distribution of excess 21~ activity in a core at $3 was a good fit with 
depth using an exponential decay model (R 2 = 0.92), in contrast to the core 
at S 1 that did not fit the model (Figure 1). The use of 21~ radionuclides 
in the measure of accretion rate depends on the assumption of a constant 
sedimentation rate through time. However, the relative constant concentration 
of excess al~ to a depth of 50 cm in S 1 suggests that the sediments were 
disturbed. The accretion rate for $3 was 0.89 cm/yr according to calculation 
from a constant activity model. The rate of mineral sediment accumulation 
(Si) for $3 was 0.107 g cm -2 yr -1, based on a product of the average dry 
bulk density (g/cm3), average mineral concentration to the depth of 60 cm, 
and accretion rate (crrdyr). 

Model tuning and sensitivity analyses 

Since there is a lack of specific information about N and P biogeochemical 
processes in mangrove soils, a model tuning procedure was used to adjust 
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Table 1. Definit ion and values  o f  parameters  used  in the N U M A N  model .  

Para- Definition Unit Values Source 

meters 

B Total abovegronnd biomass g/cm 2 
bo Bulk density of organic matter g/em 3 

c o Ligltin content in leaf litter g/g 
c 1 Ash concentration in litter g/g 
c 2 N concentration in litter g/g 
c 3 N concentration in residual litter g/g 
c 4 N concentration in root g/g 
c 5 P concentration in litter g/g 
e A distribution parameter for root cm -1  

biomass 
fl Ratio of litter leaves to total litter g/g 

f2 

f3 

0.1154 
0.15 
0.10 
0.01 
0.01 
0.005 
0.0002 
0.04 

0.70 

Proportion of microbial respiration 
during decomposition 
Proportion of labile organic matter 
flowing into refractory organic matter 
after decomposition 

f4 Ratio of N mineralization to P loss 
fc 1 Fraction of fine root that is refractory 
fc2 Fraction of large root that is refrac- 

tory 
fn 1 Fraction of N in litter that is refractory 
fn 2 Fraction of N from allochthonous 

source that is refractory 
ka Decay constant for labile organic 

matter on the surface 

k b Decay constant for labile organic 
matter below the surface 

kc Decay constant for refractory organic 
matter 

ke Litter export rate 

km Turnover rate of wood 
kn Specific loss rate of soluble N 
kr Turnover rate of fine roots 
kt Decay constant of litter twigs 
kw Decay constant of dead wood 
LP Litter production 
m Specific mineralization rate of labile 

N taking account P availability in 
cohort 

r Residence time of soluble N in cohort yr 
R 0 Total root biomass at the surface g/cm 2 
Si Annual deposition of mineral sedi- g cm -2  yr -1  

merit 
Sn Annual allochthonous deposition of g cm 2 yr-1 

N 
Sp Annual allochthonous deposition ofP  g c m  2 yr-1 

g/g 0.45 

g/g 0.004 

gig 12.0 
g/g 0.25 

g/g 0.2 

g/g 0.45 

g/g 0.6 

yr -1 0.90 

y r -  1 0.256 

yr -1  0.001 

yr -1 

yr - t  0.0425 
yr -1 40.0 
yr -1 0.10 

yr - I  0.276 
yr - t  0.083 
g cm -2  yr-1 

cm 2 g 1 yr-1 5000.0 

0.0025 

Table 2 
This study 
Benner et al. 1990 

Benner et al. 1990 
Stanford 1976 
Estimated 

Stanford 1976 
Stanford 1976 
Komiyama et al. 1987 

Pool et al. 1975, Twilley et 
al. 1986 
Patton et al. 1987 

Patton et al. 1987 

Morris & Bowden 1986 
Estimated 
Estimated 

Morris & Bowden 1986 
Estimated 

Twilley et al. !986 

van der Valk & Attiwill 
1984 
Similar to Parton et al. 
1987 
Table 2 

Chen 1996 
Estimated 

Estimated 
Robertsnn & Daniel 1989 
Robertson & Daniel 1989 
Table 2 
Estimated 

Morris & Bowden 1986 
Table 2 
Table 2 

Table 2 

Table 2 
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Figure 2. Sensitivity analysis of model input parameters. Dots represent the observed results. 
A) Litter export (1%); B) Fine root turnover rate (kr); C) Fraction of organic matter which is 
in refractory organic matter in fine roots (fcl) and main roots (fc2). Parameters ke = 0.4, kr = 
0.10, fc 1 = 0.25 and fc 2 = 0.2 were set if  they were not tested parameters. 

several parameters related to the N and P submodels which include kn, m, Sn 
and Sp. And other parameters, such as r and f4 are from the SEMIDEC model. 
The parameters fcl, fc~, kr and t% were also estimated using a model-tuning 
procedure (Parton et al. 1987), where the parameters were systematically 
adjusted to accomplish a best fit of measured and simulated profiles of organic 
matter content and bulk density. Observed profiles of organic matter and bulk 
density for $3 were chosen to tune these input parameters, because a reason- 
able fit of excess 21~ profile to the exponential decay model was observed 
(Figure 1). Sensitivity analyses of these input parameters were conducted by 
varying one parameter at a time while keeping the other parameters constant. 

The accumulation of mineral sediments calculated from 21~ measure- 
ments was used as a parameter of inorganic inputs (Si) for $3. Having a fixed 
estimate of this parameter, a series of simulations were conducted to test the 
sensitivity of litter export, root turnover, and organic matter quality on organic 
matter accumulation in mangroves soils (Figure 2). An increase in the loss of 
litter from the surface of mangrove soils (1%) causes a significant decrease in 
organic matter content at the top 10 cm of soil (Figure 2A). However, there 
was only a 10% change in concentration of organic matter at 30 cm by varying 
litter export (1%) from 0 to 0.8 among simulations. After the initial decrease, 
concentration of organic matter increased with depth when the export was 
higher, however, organic matter content decreased with depth when export 
was lower. By fitting with an observed profile of organic matter concentra- 
tions in $3, the model suggests that the export coefficient (1%) in this site is 
about 0.4. 
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Root production in the model had more influence on organic matter con- 
tent than litter export as indicated by an increase of 20% AFDW below 10 cm 
depth when the fine root turnover rate, kr, increased from 0.05 to 0.2 (Figure 
2B). Changes in kr had minor influence on the concentration of organic matter 
in the surface sediment, in contrast to changes in ke. Changes in the refractory 
fraction of root organic matter also had significant effects on the profiles of 
organic matter content (Figure 2C). The organic matter content was 35% at 60 
cm when the refractory fraction was low (fcl = 0.15 and fc2 = 0.1); however, 
concentrations increased to 55% when refractory fraction was higher (fc~ and 
fc2 = 0.4). After a series of model runs, a reasonable combination of input 
parameters (kr, fcl and fc2) was estimated for the study sites (Tables 1 and 2). 

Model calibration 

The model was calibrated by simulating soil profiles of organic matter and 
nutrients at four mangrove sites along the Shark River estuary using values of 
forest biomass at each respective site as initial conditions. The model assumed 
that forest structure at all sites was in steady state and thus no changes in 
biomass and basal area were calculated during the simulations. The NUMAN 
model also assumed that the export of litter (parameter ke) and allochthonous 
mineral input (parameter Si) in the four study sites decreased with distance 
from the mouth of the estuary (Table 2). The profile of excess 21~ activity 
(Figure 1A) and bulk density (Figure 3) demonstrate that the mangrove soil 
in S1 has been highly disturbed. Accordingly, the vertical bulk density at 
this site also varies from 0.3 to 0.6 g/cm 3. Vertical profiles of organic matter 
and bulk density in soils at $3, $4 and $6 exhibited less differences with 
depth compared with those at S 1 (Figure 3). Simulations of organic matter 
content in S1 fit the mean of observed results, but simulated bulk densities 
were significantly different from observed results. These variations in bulk 
density with depth clearly invalidate the steady state assumption for sediment 
input rate for S 1. Therefore, the major comparisons of simulated and observed 
results were conducted at $3, $4 and $6 where disturbance is less evident. 

Time periods represented by simulations of 60 cm depth profiles for $3, 
$4 and $6 were 95, 230 and 370 yrs, respectively. The differences between 
simulated and observed concentrations of AFDW were within 8% of observed 
concentrations in $3, $4 and $6 below 5 cm (Figure 3). Generally, the model 
predicted a quick decrease of AFDW at the surface, because of the rapid 
decomposition of LOM. The predicted depth of rapid organic matter decom- 
position varied among sites. Simulations showed that AFDW at $4 and $6 
increased slowly below the rapid decomposition layer, which was an excellent 
fit to the observed profile below 8 cm. In contrast, the model did not predict 
an increase in AFDW below the rapid decomposition layer at $3, but showed 
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Figure 3. Comparison of observed concentrations of organic matter (AFDW%) (circle) with 
simulated concentrations (solid line) and observed bulk density (solid dot) with simulated bulk 
density (dash line) in mangrove soils for the downstream (S1 and $3), intermediate ($4) and 
upstream ($6) sites along the Shark River estuary. 

a relatively constant concentration with depth�9 The discrepancies in AFDW 
profiles among the downstream ($3), intermediate ($4) and upstream ($6) 
sites were due to higher deposition rates of  allochthonous mineral sediment at 
the sites near the mouth of  the estuary. The simulated profiles of  bulk density 
showed a decreasing trend with increased distance from the mouth of  the 
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estuary, and simulated bulk densities were a reasonable fit to observed values 
in $3, $4 and $6. 

The simulated N concentrations were within the range of concentrations 
of observed profiles at $3, $4 and $6 (Figure 4). The model predicted a slight 
decrease in N concentrations following an initial increase in surface soils 
in the three sites, which fits well with the observed N profiles. Differences 
between simulated and observed N concentrations in $3 and $4 were within 
16% of the observed values except at the soil surface. The greatest difference 
between simulated and observed N concentrations was observed at 25 cm 
depth in $6 at 30%. However, simulated values at this depth were within the 
range of observed values using two different sampling methods. 

Daily rates of net N mineralization at each mangrove site were averaged 
from field measurements on three sampling dates, and extrapolated to an 
annual rate for comparison with simulated gross mineralization rates (Figure 
5). Note that the observed N mineralization rates were representative of 10 cm 
sections (to a depth of 40 cm), however, simulated values were calculated for 
each soil cohort section. Both the simulated and observed N mineralization 
rates in each study site decreased quickly with depth, except for the observed 
values in S 1. Simulated rates of N mineralization were higher than observed 
values, which may be an artifact due to difference in field methods and opera- 
tional definitions of this process within NUMAN. Laboratm3~ incubations of 
mangrove soil in this study provided an index of net N mineralization during 
the incubation period, including microbial N consumption during organic 
matter mineralization. Therefore, it is reasonable that estimates of N mineral- 
ization by the model were higher than net mineralization rates measured in 
laboratol2r incubations. The gross N mineralization rates integrated to a depth 
of 0-40 cm calculated by NUMAN increased from the oligohaline to marine 
sites along the Shark River estuary with values of 2.6 ($6), 5.1 ($4) and 13.3 
($3) mgN cm-2 yr -1 . 

Parameter Sp, the annual input of allogenic inorganic and organic P 
through deposition of sediment particles or adsorption from flooding waters, 
was adjusted to fit the P profile for each site (Table 2, Figure 6). Both observed 
and simulated P concentrations in $3 decreased gradually below an initial 
increase. Simulated P concentrations increased rapidly in the top 1 cm of soil 
in $4 and $6, then decreased rapidly with depth. Decreases in P concentra- 
tions in the model fit well with the observed P profile, which corresponded 
with a release of P from organic matter associated with N mineralization. 
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Figure 4. Comparison of observed concentrations (% of dry mass) of nitrogen with simulated 
concentrations (dashed line) in mangrove soils for the downstream (SI and $3), intermediate 
($4) and upstream ($6) sites along the Shark River estuary. Solid dots represent results from 
one 15.2 cm diameter core at each site. Triangles represent mean values from 3 stations in 3 
repeated samplings. Bar along the x-axis is standard deviation (n = 9); bar along the y-axis is 
interval of integrated sampling depth. 

Discussion 

One of the objectives of the NUMAN model was to identify those ecological 
processes that are poorly understood, yet make significant contributions to 
the biogeochemical properties of a mangrove ecosystem. Mangrove plant 
production has been recognized as a major component in the formation of 
mangrove soils and mangrove peat in south Florida, particularly the turnover 
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of mangrove rootlets (Davis 1940; Scholl 1964a, b; Cohen & Spackman 
1974). Simulation results of NUMAN suggest that rates of root production, 
along with the concentration of ROM in dead roots, are critical processes 
in controlling organic matter accumulation and the vertical distribution of 
organic matter in mangrove soils. Yet these two variables lack any direct 
verification in mangrove studies. Variation in rates of root turnover are more 
important than changes in rates of litter fall export on the organic matter 
profiles in mangroves soils under 10 cm depth. This conclusion that root 
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production is more significant to soil formation than litter fall is interesting 
given the much larger research emphasis on litter dynamics in mangrove 
wetlands (Twilley et al. 1997). Many of the below ground processes in this 
version of NUMAN are assumptions based on amount and productivity of 
above ground biomass (Tables 1 and 2), emphasizing the need for more 
research in root biomass and production of mangrove forests. Direct measure- 
ments of root production in mangrove wetlands are difficult, especially in 
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identifying dead and live roots, and these model simulations provide one of 
the first estimates of below ground production and turnover. 

Field measurements of soil organic matter showed that concentrations 
along the Shark River estuary increased dramatically with increased distance 
from the estuary mouth, while bulk densities decreased. These trends suggest 
that sedimentation rates decreased along the axis of the estuary. Because data 
on sedimentation rates are limited, rates of inorganic mineral input simulated 
by NUMAN were not verified for sites S 1, $4 and $6. Instead, we adjusted 
the amount of inorganic material input among these sites until simulations 
matched the spatial gradient of soil profiles of bulk density and AFDW from 
downstream to upstream locations. Adjusted rates were within a reasonable 
range as compared to previous studies of sediment accumulation among man- 
grove forests (Lynch et al. 1989), which vary significantly among ecological 
types of mangroves, ranging from 107 to 1404 g m -2 yr -I . Model simulations 
for $4 using a litter export rate of 20% (ke = 0.20) required an input of 320 
g m -2 yr -1 of inorganic material to fit the soil profile of bulk density and 
AFDW at this site. This sedimentation rate is between the measured rate of 
inorganic sediment accumulation in Rookery Bay basin forest (107-179 g 
m -2 yr -1) and in Estero Pargo fringe mangroves (566 g m -2 yr -1) (Lynch 
1989). Mineral input in $6 (150 g m -2 yr -1) estimated by the model is within 
the range of a basin forest in Rookery Bay, which receives very little sedi, 
ment input. The low rate of inorganic sediment input at $6 may be due to 
low concentrations of suspended sediment from the Shark River Slough, and 
increased distance from the Gulf of Mexico. 

The spatial pattern of P accumulation in mangrove soils simulated by 
NUMAN follows a similar pattern as inorganic sediments with reduced input 
rates as distance from the mouth of the estuary increases. Estimates of P accu- 
mulation by NUMAN for $3, $4 and $6 were 1.9, 0.4, and 0.08 g m "2 yr -1, 
respectively, consistent with higher P concentrations in mangrove soils at the 
mouth of Shark River estuary. Comparisons of inorganic and P accumulation 
in mangrove sediments in a wide range of environmental settings have shown 
a strong correlation between inorganic sediment and P accumulation (Twilley 
1995). These simulations support the hypothesis that sediment resuspension 
and transport to mangroves at the mouth of Shark River estuary results in 
higher soil fertility in contrast to the lack of sediment and P loading in the 
tidal freshwater regions of Shark River Slough (Chen 1996). P accumulation 
in freshwater soils of the Everglades ranges from 0.11 to 1.14 g m -2 yr -1 
(Reddy et al. 1993) and 0.10 to 0.66 g m -2 yr -1 (Craft & Richardson 1993) 
depending on distance from agriculture effluent. This range in the Everglades 
is similar to simulations of the NUMAN model for upper ($6) and interme- 
diate ($4) sites along the Shark River estuary. But the lower estuary site ($3) 
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has P accumulation rates that are higher than the nutrient enriched sites of the 
Everglades. 

The ability of NUMAN to simulate organic matter diagenesis in mangrove 
soils was limited by the assumption that ecological processes throughout 
the 60-cm profile are in steady state. 14C dating techniques revealed that 
mangroves have developed in the Shark River region over the past 3000 yrs 
(Scholl 1964a, b). Mangrove rootlets have contributed significantly to the l -  
4 m of peat developed during the late Holocene transgression (Davis 1940; 
Craighead 1971). However, hurricanes, which are one of major large scale 
and cyclic disturbances of mangroves in south Florida (Lugo & Snedaker 
1974), can destroy mangrove biomass and redistribute tremendous amounts 
of sediment in mangrove wetlands (Smith et al. 1994). These processes can 
seriously influence model simulations based on steady state assumptions of 
forest growth and inorganic deposition. Observed soil profiles in S 1 exhibited 
obvious shifts in bulk density and organic matter with depth. These sharp 
gradients in soil profiles probably reflect different sedimentation rates in this 
site. Integrating the NUMAN model to simulate soil fertility with FORMAN, 
which is a gap dynamics model of mangrove forest development (Chen & 
Twilley 1988), should provide feedback effects of biogeochemical processes 
and organic productivity in mangrove ecosystems. These models will have to 
include the role of disturbance in the distribution of resources and reduction in 
forest production to adequately simulate complex biogeochemical processes 
in mangrove wetlands. 
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