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ABSTRACT: Mangrove root decomposition rates were measured by distributing mesh bags comaining fine root material
across six sites with different soil fertility and hydroperiod to compare ambient differences 10 substrate quality. Roots from
a site with Jower soil phosphorus concentration were used as a reference and compared 10 ambient roots at five other sites
with increased phosphorus concentration. Four mesh bags of each root type (ambient versus reference), separated into four
10-cm replicate intervals, were buried up to 42 cm depth at each site and incubated for 250 d (initiation in May 2004). Mass
loss of ambient mangrove roots was significant at all study sites and ranged from 17% to 54%; there was no significamt
difference with depth at any one site. Reference decomposition constants (—k) ranged from 0.0012 to 0.0018 d ' among
Taylor Slough sites compared to 0.0023-0.0028 d * among Shark River sites, indicating slower decomposition rates
associated with lower soil phosphorous and longer flood duration. Reference roots had similar decomposition rates as
ambient roots in four of the six sites, and there were no significant correlations between indices of root substrate quality and
decomposition rates. Among these distinct landscape gradients of south Florida mangroves, soil environmental conditions

have a greater effect on belowground root decomposition than root substrate quality.

Introduction

Several processes control soil formation in man-
grove wetlands including aboveground and below-
ground arganic matter production; organic matter
e‘{port decompoamon and burial; and allochtho-
nous inorganic martter input (Chen and Twilley
1999a) . Most mangrove decomposition studies have
focused on qbo*-,emound components of litter fall
(e.g., Twilley et al. 1980, 1997; Robertson 1988), but
few studies have investigated belowground decom-
position (e.g., Van der Valk and Attiwill 1984; Feller
et al. 1999, 2002: McKee and Faulkner 2000;
Middleton and McKee 2001). A large part of
sedimentary organic matter in mangroves is derived
from root organic matter (Alongi et al. 2001) and
often roots can be the principle source of organic
matter in many forest systems in the deeper soil
layers (Ludowvicd et al. 2002). A cohort model
(NUMAN) has shown that root production and
the concentration of refractory organic matter in
dead roots are important in controlling organic
matter accumulation in mangrove soils (Chen and
Twilley 1999a). Deposition and slow degradation of
mangrove roots may contribute more to organic
matter accumulation and vertical building of
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mangrove islands in Belize than total litter fall
(Middleton and McEee 2001). In carbonate set-
tings, like those of south Florida, belowground peat
production is the primary control of sediment
accretion (Lynch et al. 1939; Parkinson et al. 1994).

The objective of our study was to discern whether
there are site differences in root decomposition,
and if those differences follow patrerns related to
environmental conditions or substrate quality of
root material described above. We hypothesized
that: decornp051t10n rates of mangrove roots will
decrease with increasing depth at all study sites,
decomposition rates will decrease at sites with lower
soll fertility {measured as soil total phosphorus [P]
concentration) and increased hydroperiod (dura-
tion), and differences in root substrate quality will
have an effect on decomposition rates such that
lower nltrogen (N} content and higher lignin will
result in lower decay coefficients.

Materxials and Methods

The southeast region of Everglades National Park,
Florida, provides sites to test these hypotheses as
part of the Florida Coastal Everglades Long Term
Ecological Research (FCE-LTER) program (Fig. 1).
FCE-LTER mangrove sites are located in an oligo-
trophic, carbonate setting where forest productivity
differs along envirenmental gradients related to
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Fig. 1. Tverglades National Park. SRS4, SRS5, and SRS6
indicate the sampling sites along the Shark River Slough. TS/
Ph6 and TS/Ph7 indicate the sampling sites along the Taylor
Slough and TS/Ph8 indicates the sampling site in Joe Bay.

hydroperiod and soil fertility (Koch 1996; Chen and
Twilley 1999b; Ewe et al. 2006). Soil fertility,
measured as P availability, decreases inland from
the coast and is thought to be a major limiting
factor to mangrove productivity in southwest and
southeast Florida (Table 1; Chen and Twilley
1999h). Yet it has not been established if root
decomposition follows these same patterns across
these gradients in soil fertility.

Three mangrove sites have been established each
along Shark River and Taylor Slough in FCE-LTER
dominated by four mangroves species in the six
sites: Rhizophora mangle L., Avicennia germinans (L.)
Stearn, Laguncularia racemosa (1..) Gaertn., and
Conocarpus  ervectus 1. (Chen and Twilley 1999b;
Coronado-Molina 2004). Mangroves at the mouth
of Shark River are considered riverine mangroves
and those along the Taylor Slough sites are
characterized as scrub mangrove forest types (Ewe
et al. 2006). The Shark River sites (SRS4, SRSH, and
SRS6) are influenced by a strong tidal regime and
cxhibit daily inundation. The Taylor Slough sites

are located inland from Florida Bay (TS/Ph6 and
TS/Ph7) and on the edge of Joe Bay (TS/Ph8). Soil
fertility, as defined by soil P, is low at TS/Ph6 and
TS/Ph7 compared to the other four sites, with SRS6
having the highest P concentration (84.2 ¢ m™;
Chen and Twilley 1999b; Table 1).

Root decomposition rates were compared among
sites along these two FCE transects using the mesh
bag approach (Hamond ct al. 1999) by monitoring
changes in the amount of root mass after 250 d of
field incubation. Mesh bags of 10 X 40 cm dimen-
sions and 1-mm? mesh were divided into four 10-cm
sections, which were considered the experimental
units. Each 10-cm section held 10.0 g of fresh root
material with an cqual mixture of three size classes:
14, 4-8, and 8-12 mm. Live, belowground roots
were cxcavated by coring at cach of the six
treatment sites (SRS4, SRS5, SRS6, TS/Ph6, TS/
Ph7, TS/Ph8), air dried to a constant mass, placed
in bags, and buried. The use of ambient roots at
each site measures the effect of plant substrate
quality combined with environmental conditions on
root decomposition (called ambient). To remove
the cffects of substrate quality, and determine the
effect of environmental conditions (called refer-
ence) on decomposition, roots from TS/Ph6 (i.e.,
R. mangle roots) were buried at all six sites (Fig. 1).
The bags were buried in May 2004 and retrieved
after 250 d in the field. Seven bags were buried at
cach site, three with ambient roots (except for TS/
Ph8 where four were buried) and four with roots
from TS/Ph6. Two control bags with ambient roots
from each site were inserted in the soil and removed
one minute later to estimate initial mass and
substrate quality indices.

Root material was clcaned with deionized water
and oven dried at 60°C to a constant weight to
determine dry mass. Live roots were considered
those that were growing through the mesh and were
white in color; these roots were not included in
analyses. The mesh deterred the growth of any roots
larger than 1 or 2 mm. Carbon (C) and N (mg g™")
were determined on initial and final root material

TABLE 1. Porewater and soil characteristics of the six mangrove sites (SRS4, SRS5, SRS6, TS/FPh6, TS/Ph7, TS/Ph8) in the Florida
Everglades National Park. (Modified from Chen and Twilley 1999b; Twilley and Rivera-Monroy unpublished data.)

1S/Ph6 18/Ph7 1'S/Ph8 SRS4 SRSB SRS6

Porewater characteristics

Redox (45 em) —80.57 —81.83 —100.87 64.13 —16.1 39.19

Salinity (g kg™) 16.79 20.00 2(.24 4.56 20,78 26.99

pH 7.67 7.82 7.84 7.21 7.80 7.78
Soil characteristics

Bulk density (g cmn™) 0.55 0.15 0.21 0.12 0.18 0.21

Total nitrogen (g m=2) (Lo 10 cm depth) 586.7 1075.2 1101.3 967.1 10119 1153.8

Total phosphorous (g m™) (to 40 cm depth) 13.8 25.0 45.2 21.8 50.7 93,2

N:P ratios 12.6 12.1 211 11.3 20.0 121

C:N ratios 34.9 19.9 21.0 18.1 22,4 16.2




TABLE 2. Statistical results for each component of mass Loss
including depth, reference roots, and ambient roots {decay
coefficient, kg). The last row shows a comparison of kg for
reference roots versus ambient roots within each site using Least
Squares Means Contrast. Decrease the number of decimal places
from <(LOGH to <20.001.

Souree af 88 F P
Depth 3 0.0441 0.11 0.9547
Treatrent (site) 11 15.532 10.33  =0.001
Depth X mreatment 33 2.30 .52 09858
Treatrment: Reference roots 5 .00 3826 <0001
Treamment Ambient roots 5 .00 h18 0.004
Reference raats versus 54 0000003 2.94 .02

ambient roats

using a NC 2500 Elemental Analyzer (CE Elantech,
Lakewood, New Jersey). Lignin analysis on selected
control samples used the Van Soest Acid Detergent
Fiber and Lignin Procedure (Soil and Forage
Analysis Laboratory at the University of Wisconsin),
which reports percent dry mass of root material that
is lignin {Van Soest 1963).

Mass lnss was tested with depth along the vertical
gradient and among treatment sites using two-way
analysis of varlance (ANOVA). Mass losses and
decomposition rate values at the treatment sites
were analyzed using one-way ANOVA followed by
Student’s test or Least Squares Contrast test (SAS
JMP 2004). Decomposition rate was determined by
the relationship between the natural logarithm of
dry mass remaining and the sampling period
(Twilley et al. 1997). Nutrient data (indices) were
analyzed using one-way ANOVA followed by Stu-
dent’s #test. All data met the assumptions of
normality and homoscedasticity and no transforma-
tions were necessary. Relationships between initial
nutrient data and decomposition rate values were
examined by regression analysis (SAS JMP 2004).

Results

There was no significant difference in mass loss
with depth (p = 0.96) or with the interaction of
depth and treatments (p = 0.99; Table 2}, so depth
was removed from further analyses. Decomposition
rates of ambient roots were significantly different
among the FCE-LTER sites (p < 0.001; Fig. 2 and
Table 2). The highest losses among the ambient
roots occurred along the Shark River transect in
SRS (50% loss), SRS (4h% loss), and SRS6 (43%
loss}. The lowest losses occurred along the Taylor
Sleugh transect in TS/Ph7 (55% loss), TS/PhS8
(31% lossy, and TS/Ph6 (25% loss). Decay rates of
ambient roots in Shark River estuary were also
similar among the three sites from 0.0023 to
0.0028 d™'. The high rate in Taylor Slough (TS/
Ph7) was significantly different from the high rate
in Shark River (SRS5), but similar to the lower rates
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Fig. 2. Decay constants far both ambient (solid bars) and
reference {open bars) roots compared across sites (capital letters
are for ambient, small letters for reference) and within each
site {asterisk).

in Shark River (SRS54 and SRS6). The lower rates in
Taylor Slough (TS/Ph6 and TS/Ph8) were signifi-
cantly lower than all the sites in Shark River (Fig. 2).
Ambient decay rates were lower among Taylor
Slough sites than in the Shark River sites, with the
exception of TS/Ph7.

The experimental design assumed that decompo-
sition rates between reference and ambient roots at
TS/Ph6 would be similar and lower compared to
the other five sites. At each of the other sites, the
differences in decomposition of ambient and
reference roots would detect the relative influence
of environment versus substrate factors on root
decomposition, since ront substrate is held constant
using reference roots at each site. Decay rates of
reference and ambient roots were similar at TS/Phé
(0.00085 and 0.0012 d™') and there were significant
differences in decay rates of reference roots at the
other five sites compared to TS/Phé (Fig. 2). Root
decomposition rates for TS/Ph6 and TS/Ph# were
similar at 0.001 47! and significantly lower than
decomposition of reference roots at TS/Ph?7
(0.0025 d™"). Reference roots had similar decom-
position rates in all three Shark River sites (ranging
from 0.0029 to 0.0031 d™"), and decay at SRS4 was
similar to TS/Ph7. In four of the six sites, the
reference and ambient roots were not significantly
different in decay rates (Fig. 2). The two exceptions
were reference and ambient roots at TS/Ph7 and
SRS6, where in both cases the reference roots had
higher decomposition rates than ambient roots.
Based on reference roots. there is significant
difference in decompesition at TS/Ph7 compared
to TS/Ph6 and TS/Ph8: in Shark River, sites near
the mouth of the esmary have higher rates than in
the upper estuary.

The initial substrate quality characteristics of
roots show significant ditferences in root N (mg
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TABLE 3. Statistical results for initial nitrogen content (mg g ‘), initial C:N ratio, and initial lignin {% dry mass) in roots from the six
sites. Means (= 1 SE) followed by a similar letter in each row are nar significantly different {p > 0.05).

Mean
Source af 35 F P TS/Fhé TS/Fh7 TS/Phs SRS4 $RS6 SRS6
Initial N 5 BGR0 1740 <0001 8.24° (009 2.81°{0.09) 3.03% (009 2967 (009 2.54% (0.09) 370 (0.08)
Initial G:N 5 16314 37.37 = 0.001 104= (3.3) 120 (3.3) 117= (3.3 147+ (3.3) 148 (3.3) 103 (3.3)
Initial lignin 5 134.9 6.197 0002 1857 (1.04) 229" (1.04) 234" (1.04) 245° (1.04) 205" (1L.4) 25.5* (1.04}
Lignin:N 57 7.7 3.3 3.1 6.9

g, G:N ratios, and lignin among the six sites
(Table 3). The high N content of SRS6 roots
differed significantly from all other sites; the low
N content i SRS5 roots also differed significantly
from all other sites (p << 0.05). The high C:N ratios
of SRS4 (147) and SRShH (148) differ significantly
from the other four sites. The lowest C:IN ratios were
from sites TS,/Ph& (104) and SRS6 (103); these
ratios were similar and differed significantly from
the other four sites. Root lignin content from TS/
Ph6 (18.5%) was significantly lower than the other
sites. The values of root lignin content from SRSG
(25.5%) and SRS4 (24.5%) were significantly higher
than the other sites. Regressions of decomposition
constants, kg, as a function of N content, C:N ratios,
lignin, lignin:N ratios, and change in N content
showed no clear relationships for any of the indices
related to k4 (data not shown). The strongest
relationships were lignin content and lignin:N
ratios, yet they were opposite of what was expected
based on the hypotheses described above.

Discussion

Our study found no difference in mass loss with
depth from 2 to 42 cm Dbelow the soil surface.
Although differences in root decomposition with
depth (to 20 and 30 cm) have been found in salt
marshes (Hackney and De La Cruz 1980; Buth
1987), of the few mangrove root decomposition
studies only Middleton and McKee (2001} tested
depth and they found no difference in rates to
depth of 30 cm. There was significant loss of
original mass in bags from all the study sites with
decompeosition rates varying threefold between TS/
Ph6 and SRSH for both reference and ambient
roots. The Shark River sites consistently had
significantly higher decomposition rates than TS,
Phf and TS,/PhS. Reots from TS/Ph6 had one of
the highest N contents, the lowest C:N ratio, and
inital lignin content, yvet had the lowest rates of
mass loss for both ambient and reference roots.
When the TS/Ph6 rocts were buried in SRS4 and
SRS5, whose own roots had low N content, high C:N
ratios, and high lignin content, rates of decompo-
sition were higher and similar to ambient roots.

Decay rates of reference roots compared across the
six sites indicate a substantial effect of environmen-
tal conditions on the patterns of root decomposi-
tion.

Patterns in mangrove leaf decomposition have
heen related to initial substrate quality such that
high N and P content, low C:N ratio, and low lignin
content result in higher decomposition rates {Twil-
ley et al. 1986; Robertson 1988), as has been found
for other wetland ecosystems {Brinson et al. 1981,
Mellile et al. 1982; Aber et al. 1980). Apparently
ront decomposition may not follow such a predict-
able pattern since C:N ratios and lignin content do
not correlate to root degradation rates (McClaugh-
erty et al. 1982, 1984; Richert et al. 2000; Scheffer
and Aerts 2000) as was found in our study. Instead,
indices of total nonstructural carbohydrate and
lignin:N ratios correlate more accurately with
patterns of root decomposition (McClaugherty et
al. 1982, 1984). Yet lignin:N ratios showed no
relationship to spatial patterns in our study of
mangrove roots.

The two main differentiating environmental
factors between Shark River and Taylor River sites
are soil fertility and hydreperied {Table 1). Cotton
strip assays found that belowground decompaosition
increased with increasing nutrient availability (Fell-
er et al. 1999}, and P fertilization caused a dramatic
increase in belowground decomposition (Feller et
al. 2002). Total P in the soil varies greatly among
our six study sites from 12.9 g m™ in TS/Ph6 to
842 g m™ in SRS6 (Table 1), yet there was no
general model that correlated ambient root de-
composition to soil P fertility in our study. The
three SRS sites increase in soil P from SRS4 (21.6 g
m~2) to SRS6 (84.2 g m™?), yet the decomposition
rates of ambient roots at these three sites were not
significantly different from one another. Decay rates
tor reference roots are significantly higher in SRS6
and SRS5H compared to SRS4. Soil total P in TS/Ph3
is comparable to concentrations in SRS5H, hut beth
ambient and reference roots at TS/Ph& had
significantly lower decomposition raies than SRS5,
by a factor of more than 2. Roots degraded faster in
TS/Ph7 than TS/PhS8, although TS/Ph7 has half
the soil P content and nearly double the N:P ratio.



One additional factor could be the differential
effects of hydroperiod among these sites (Krauss et
al. 2006). The Shark River sites are influenced by
semidiurnal tides, whereas the Taylor Slough sites
are seasonally inundated, with flooding during the
rainy season (from May through October). More
frequent tidal inundation, which prevents hypersa-
line conditions (Wolanski and Gardner 1981;
Twilley and Chen 1998), has been correlated with
higher rates of mangrove leaf litter decomposition
{Twilley et al. 1986; Robertson 1988; Mackey and
Smail 1996; Woitchik et al. 1997; Feller et al. 2002).
Tidal processes also flush out toxins such as sulfides
and tannins that may accumulate in seil and slow
decomposition rates (Howarth and Hobbie 1982;
Robertson 1988). Microbial population densities
and respiration also increase during rewetting in
habitats experiencing wet-dry cycles (Sorensen
1974; Brinson et al. 1981). These conditions best
fit the Shark River sites, which have more positive
redox values and a wet-dry regime in contrast to the
more permanently flooded sites in Taylor Slough.

Studies on production, turnover, and decompo-
sition of mangrove roots have lagged far behind
similar studies on aboveground components of
mangrove wetlands, limiting our understanding of
how root dynamics contribute to nutrient cycling
and soil accretion in mangrove ecosystems. The
range of values for this study (0.00085 and
0.00031 d~') is within the lowest and highest
recorded for mangroves (0.0007 and 0.0039 d~'re-
spectively). Several studies have found that decay of
belowground material is slower than leaf litter
{Hackney and de la Cruz 1980; Van der Valk and
Attiwill 1984; McKee and Faulkner 2000; Middleton
and McKee 2001). Others have found that man-
grove roots are a major portion of soil organic
matter (Alongi et al. 2004) and are critical to
accretion rates and peat formation (Cahoon and
Lynch 1997, Middleton and McKee 2001). Model
simulations suggest that root production and dead
root refractory components are critical to soil
accumulation (Chen and Twilley 1999a). Our
results point to greater control of belowground
processes by the particular environmental setting of
each site rather than the chemical components of
the roots. This suggests that differences in hydro-
period, soil fertility, tidal regime, topography, and
other microscale changes in sites could have
a greater effect on decomposition than the plant
material itself in the short term dynamics in which
this study was conducted.

ACENOWLEDGMENTS

This work was supported by funding from the FCE-LTER
program (grant no. #DEB-9910514) and the Graduate School of
University of Louisiana at Lafayette. We want to thank Sharon Ewe

Mangrove Root Decomposition 495

(Florida International University) for her help in the field, and
Edward Castaneda (LSU) for his help in the field and with
lahoratory assays. Special thanks to Douglas Morrison and Leslie
Patterson from the Florida Bay Interagency Science Center,
Everglades National Park, for logistical support during the study.
This article was greatly enhanced by the critical reviews of Scott
France, Edward Proffitt, and Andrei Chistoserdoy.

LITERATURE CITED

Arer, J. D, J. M. MeLiLLo, anp C. A, McCLAUGHERTY. 1990.
Predicting long-term patterns of mass loss, nitrogen dynamics,
and soil organic matter formation from initial fine litter
chemistry in temperate forest ecosystems. Canadian Journal of
Botany 68:2201-2208.

Aroncr, D. M., A Sasexumar, V. C. CHong, J. PrTzNeER, L. A
TroTT, F. TmIRENDI, P. Dixon, anp G. J. BRUNskLL. 2004
Sediment accumulation and organic material flux in a managed
mangrove ecosystem: Estimates of land-ocean-atmosphere
exchange in peninsular Malaysia. Marine Geology 208:383—402.

Artonci, D. M, G. WarTayakorn, |. PmTzner, F. Tirenmi, I
ZAGORSKIS, G. ]. BRUNSKILL, A. Davinson, aND B. F. CLOUGH.
2001. Organic carbon accumulation and metabolic pathways in
sediments of mangrove forests in southern Thailand. Marine
Geology 179:85-103.

Brinson, M. M., A E. Luco, anp 5. Brown. 1981. Primary
productivity, decomposition and consumer activity in freshwa-
ter wetlands. Annual Review of Ecology and Systematics 12:123-161.

Buth, G. J. C. 1987. Decomposition of roots of three plant
communities in a Dutch salt marsh. Aguatic Botany 29:123-138.

Canoon, D. R. anp L. C. LyncH. 1997. Vertical accretion and
shallow subsidence in a mangrove forest of southwestern
Flarida, U.8.A. Mangroves and Salt Marshes 1:173-186.

CHEN, R. anD R. R. TwiLLEY. 1999a. A simulation model of arganic
matter and nutrient accumulation in mangrove wetland soils.
Biogeochemisiry 44:93-118.

CHEN, R. anD R. R. TwiLLEY. 1998h. Patterns of mangrove forest
structure and soil nutrient dynamics along the Shark River
Estuary, Florida. Estuaries 22:955-970.

CoroNapo-MoLina, C. A, J. W. Day, E. Rew, anD B. C. PEREZ.
2004. Standing crop and aboveground bhiomass partitioning of
a dwarf mangrove forest in Taylor River Slough, Florida.
Wetland Ecology and Management 12:157-164.

Ewe, S. M. L., E. E. Gaiser, D. L. CHILDERS, ]. FOURQUREAN, D.
Iwanies, V. H. RIVERA-MONROY, AND R. R. TwiLLEY. 2006. Spatial
and temporal patterns of abaveground net primary productivity
(ANPP) in the Florida Coastal Everglades. Hydrobiologia 569:
459-474.

FerLer, I C, K. L. McKeg, D. F. WHIGHAM, AND |. P. O’NEILL. 2002,
Nitrogen vs. phosphorous limitation across an ecotonal
gradient in a mangrove forest. Biogeochemistry 62:145-175.

FeLLER, I C., D. F. WHIGHAM, |. P. O’NEILL, aND K. L. McKrE. 1999,
Effects of nutrient enrichment on within-stand cycling in
a mangrove forest. Ecology 80:2193-2205.

Hackwey, C. T. ann A A DE La Cruz. 1980, Amhient de-
compaosition of roots and rhizomes of two tidal marsh plants.
Ecology 61:226-231.

Hamonp, M. E., K. |. NADELHOFFER, aND J. M. Brair 1999.
Measuring decomposition, nutrient turnover, and stores in
plantlitter, p. 202-240. In G. P. Robertson, D. C. Coleman, C. 8.
Bledsoe, and P. Sollins (eds.), Standard Soil Methods for Long-
term Ecological Research Oxford University Press Inc., Oxford,
New York.

Howart, R. W. anp J. E. Hoegie. 1982, The regulation of
decampasition and heterotrophic microhial activity in salt
marsh soils, p. 183-207. In V. 5. Kennedy (ed.), Estuarine
Comparisons. Acadermic Press, New York.

Kocr, M. 8. 1996. Resource availability and abiotic stress effects
on Rhizophora mangle L. (red mangrove) development in south



496 N. Poret et al.

Florida. Ph.D. Dissertatian. University of Miami, Coral Gables,
Florida.

Krauss, K. W., T. W. Dowe, R. R TwiLLey, V. H. RIvERA-MONROY,
anD J. K Suirivan. 2006. Evaluating the relative contributions
of hydroperiod and soil fectility an growth of south Florida
mangroves. Hydrobiologia 56%:311-324,

Lupovicr, K H., 5. J. ZarnocH, ann Ir. D, RicHTER. 2002, Modeling
in-situ pine root decompasitian using data from a Glyear
chronosequence. Canadian Journal of Foresiry 32:1675-1684.

Lyven, ] €, ] R MERIWETHER, B. A, MoKer, F. VERA-HERRERA, AND
R. R. TwiLLEY. 1989, Recent accretion in mangrave ecosysterns
hased on *"Cs and °Ph. Estuariss 12:284-204,

Mackey, A. P. anp G. SwaiL. 1886, The decomposition of
mangrove litter in a subtropical mangrove forest. Hydyobiologia
332:03-08,

MeCLauGHERTY, C. AL, J. D. ABEr, aAND J. M. MELILLG. 1982, The
role of fine roots in the organic marter and nitrogen hudgets of
two forested ecosystems. Ecology 63:1481-1490.

McCravcHERTY, C. A, J. D. Arer, anp J. M. Melnro. 1934
Decomposition dynamics of fine roots in forested ecosystems.
Oikos 42:373-386.

McKer, K. L. anp P. L. Faulxner. 2000, Restoration of hio-
geochemical function in mangrove forests. Restoration Ecology 8:
247-259.

Mewuiro, J. M., J. D. Aper, anp J. F. MURATORE. 1982. Nitrogen and
lignin control of hardwood leaf litter decomposition dynamics.
Erology 63:621-626.

MmpieTon, B. A anp K. L. McKee. 2001. Degradation of
mangrove tissues and implications for peat formation in
Belizean island forests Journal of Ecology 89:818-828.

Parxinson, R. W, R. D. DeLaUNE, aND J. R. WHITE. 1994, Holocene
sea-level rise and the fate of mangrove forests within the wider
Caribbean region. Jowrnal of Coasial Research 10:1077-1086.

RicHERT, M., O. DieTRICH, D). KoppiscH, anD S. RoTH. 2000. The
influence of rewetting on vegetation development and de-
compaosition in a degraded fen. Restoration Feology 8:186-195.

RopERTsoN, A [ 1988, Decompasitian af mangrave leaf litter in
tropical Australia. fowrnal of Expercmentel Marvine Biology and
Eeology 116:235-247.

SAS JMP. 2004. ]MP Statistics and Graphics Guide, Version 5,
Release 5.1.2. Statistical Analysis System, Cary, North Carolina.

ScHEFFER, R. A. anD R, AerTs. 2000 Root decomposition and soil
nutrient and carbon cycling in twao temperate fen ecosystems.
Oikos 91:541-549.

SORENSEN, L. H. 1974, Rate of decampasition of organic matter in
soil as influenced by repeated air drying-rewetting and repeated
additions of organic material. Sod Biology and Biochemisiry 6:287-
292.

TwiLLey, R. R anD R CHen, 1998, A water budger and hydrology
model of a basin mangrove forest in Rookery Bay, Florida
Avstralieen Jowrnal of Freshwater and Marine Research 49:309-323,

TwiLLey, R. K., A. E. LuGo, anp C. PATTERSON-ZUCCA. 1986, Litter
production and turnover in basin mangrove forests in south
west Florida. Erology 67:670-683.

TwiLLey, R. R., M. Pozo, V. H. Garaa, V. H. Rivera-MoNROY, R.
ZAMBERANC, aND A, Bopero. 1997, Litter dynamics in riverine
mangrove forests in the Guayas River Estuary, Ecuador.
Oecologia 111:109-122.

Van SoEsT, P. J. 1963, Use of detergents in the analysis of fibrous
feeds. II. A rapid method for the determination of fiher and
lignin. Jowrnal of the Association of Official Analytical Chemistry 49:
546-551.

VaN DER VaLk, A. G. anD P. M. ArTiwiLL. 1984. Decomposition of
leaf and root litter of Avicennia marine at Westernport Bay,
Victoria, Australia. Aquatic Bolany 18:205-221.

WorrcHik, A F., B. Onows, ] M. Kazuncu, R. G. Rao, L. GOEYENS,
anD F. DEHAIRS. 1997, Nitcogen enrichment during decompo-
sition of mangrove leaf litter in an east African coastal lagoon
{Kenya): Relative importance of hiological nitrogen fixation.
Biogeochemistry 3%:15-35.

Woranskl, E. anp R, Garopwer. 1981, Flushing of salt from
mangrove swamps. Austrafian Jowmal of Marine and Freshwater
Research 32:631-683.

Received, May 30, 2006
Rewsed, fonuawy 4, 2007
Accepted, March 3, 2007



