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Mangrove trees may allocate >50% of their biomass to roots. Dead roots often form peat, which can make
mangroves significant carbon sinks and allow them to raise the soil surface and thus survive rising sea
levels. Understanding mangrove root production and decomposition is hence of theoretical and applied
importance. The current work explored the effects of species, site, and root size and root nutrients on
decomposition. Decomposition of fine (�3 mm diameter) and coarse (>3 mm diameter, up to
a maximum of w9 mm) roots from three mangrove species, Avicennia marina, Bruguiera gymnorrhiza and
Ceriops tagal was measured over 12 months at 6 sites along a tidal gradient in Gazi Bay, Kenya. C:N and P:
N ratios in fresh and decomposed roots were measured, and the effects on decomposition of root size and
age, of mixing roots from A. marina and C. tagal, of enriching B. gymnorrhiza roots with N and P and of
artefacts caused by bagging roots were recorded. There were significant differences between species,
with 76, 47 and 44 % mean dry weight lost after one year for A. marina, B. gymnorrhiza and C. tagal
respectively, and between sites, with generally slower decomposition at dryer, high tidal areas.
N enriched B. gymnorrhiza roots decomposed significantly faster than un-enriched controls; there was no
effect of P enrichment. Mixing A. marina and C. tagal roots caused significantly enhanced decomposition
in C. tagal. These results suggest that N availability was an important determinant of decomposition,
since differences between species reflected the initial C: N ratios. The relatively slow decomposition rates
recorded concur with other studies, and may overestimate natural rates, since larger (10e20 mm
diameter), more mature and un-bagged roots all showed significantly slower rates.

� 2010 Published by Elsevier Ltd.
1. Introduction

Mangrove forests retain large amounts of organicmaterial, often
in the form of peat. Roots are a major component of mangrove peat
(Mckee and Faulkner, 2000) hence high rates of root production
contributes to peat accumulation. Retention of organic matter in
mangroves is important at ecosystem and global scales. Mangroves
rely on surface level elevation, driven by peat and sediment accu-
mulation, in order to remain above sea level. Biogenic processes of
land building, dependent on root production, are particularly rele-
vant in areas without significant allochthonous input (Briggs, 1977;
am).
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McKee et al., 2007; Cahoon et al., 2003). Predictions of sea level rise
of up to or exceeding 59 cm within the next century (IPCC, 2007)
emphasise the importance of this process in the future survival of
mangroves. Mangroves are estimated to account for w15% of the
total carbon accumulating in marine sediments (Jennerjahn and
Ittekkot, 2002). The processes controlling this accumulation,
including peat production, thus play a significant role in the global
carbon cycle (Duarte et al., 2005; Bouillon et al., 2008).

Mangroves allocate a relatively large proportion of their total
carbon budget to root production (Briggs, 1977; Tamooh et al.,
2008). High root: shoot ratios may reflect unstable substrates or
water stress related to hyper salinity; for example, Saintilan (1997)
reported ratios as high as 4.1 in high tidal high salinity areas.
Although such figures are extreme, most estimates show root:
shoot ratios in excess of 0.3 (Tamooh et al., 2008). Such large
absolute and relative allocation of carbon to the roots does not on
ngrove roots: Effects of location, nutrients, species identity andmix in
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its own ensure that mangroves function as carbon sinks; for this to
happen the rate of organic production and trapping in the system
must exceed that of carbon loss. A key determinant of this ratio will
be the decomposition rate of mangrove roots. To our knowledge,
only six studies have explicitly measured mangrove root decom-
position rates (Albright, 1976; Van der Valk and Attiwill, 1984;
Mckee and Faulkner, 2000; Middleton and McKee, 2001; McKee
et al., 2007; Poret et al., 2007). These concur in recording approx-
imately 50% loss of mass after one year of decomposition, rates that
are much lower than the average for fine roots in terrestrial trees
from similar latitudes (Silver and Miya, 2001).

A number of factors are likely to influence decomposition rates,
including site (Mckee and Faulkner, 2000), mangrove species
(Mckee and Faulkner, 2000; Middleton and McKee, 2001) and root
size class (Van der Valk and Attiwill, 1984). These three factors were
investigated in the present study at Gazi Bay, Kenya. Differences in
nutrient concentrations in plant tissue and in contiguous soil may
explain some of the variation observed between species (Feller et al.,
1999); the effects of nutrient enhancement on decomposition rates
were therefore also considered in the current study. The mixing of
materials with different concentrations of nutrients is one mecha-
nism invoked to explain changes in decomposition rates observed in
mixed, compared with single species, litters. Whilst numerous
studies have examined the effects of species diversity on decom-
position using leaves from terrestrial trees (e.g. Madritch and
Cardinale, 2007), none have looked at mangrove roots. The effects
of mixing roots of species with different nutrient concentrations
were therefore also examined, along with the effects of root age and
of faunal consumption. Hence the overall aim of this study was to
investigate the rates of root decomposition of three species of
mangrove, with specific objectives of examining the effects of site,
species, nutrient content, root age, root size, faunal consumption and
artefacts caused by bagging on the recorded rates of decomposition.

2. Methods

2.1. Field site

The study was conducted at Gazi bay (4�250S and 39�500E) sit-
uated on the south coast of Kenya, about 50 km from Mombasa
Fig. 1. The study area: dark grey shade¼mangroves; light grey¼ seagrass formation
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(Fig. 1). The bay is sheltered from strong waves by the Chale
Peninsula to the east and a fringing coral reef to the south, and has
a spring tidal range of w4.0 m. Total annual precipitation
(1000e1600 mm) falls mainly in two rainy seasons (AprileAugust
and OctobereNovember) and two seasonal rivers drain into the
bay. Air temperature is 24e39 �C and relative humidity averages
95%. All the nine species of mangroves occurring in Kenya are found
in Gazi bay.

2.2. Experimental transect

Six stations were established along a w700 m transect running
down the shorewithin a continuousmangrove forest. Station 1 (the
highest station)was placedwithin amixedAvicenniamarina/Ceriops
tagal stand, at a height of 2.99 m above chart datum (Table 1). This
high station is inundated by the sea only at spring tides (inundation
class IV of Watson (1928)), and the surface sediment often dries out
during neaps. Station 6 was placed in a Sonnaratia alba stand at
1.32 m above chart datum, and received daily inundation (i.e.
Watson class I). Intermediate stations covered the range of heights
between these ends, and were situated in areas with four different
mangrove species; those given above and Rhizophora mucronata. At
each station, three sediment cores were taken at random points
using a D-section corer (which encloses an uncompressed sediment
core in a sample chamber). A redoxmeterwas used to give sediment
redox at 20cm depth, and pore water was extracted and tested for
salinity using a Refractometer. Average tree height and density
within a 10�10 m area were also recorded (Table 1). Data on
sediment nutrient concentrations at 5e20cm depths are available
for Gazi sites close to the current ones (Middelburg et al., 1996).
Sediment total nitrogen (wt %) and phosphorus (ppm) values were
0.08, 124; 0.14, 74; 0.10, 253; 0.03, 44 (nitrogen, phosphorus
respectively) at four sites (AS, CC, RJ and SII; Middelburg et al., 1996)
similar to sites 1, 3, 4 and 6 in the current study.

2.3. Experimental treatments

Ten treatments, using roots from three mangrove species (Avi-
cennia marina, Bruguiera gymnorrhiza, and Ceriops tagal) were
; dashed line indicates location of transect (modified from Bosire et al., 2003).

ngrove roots: Effects of location, nutrients, species identity andmix in
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Table 1
Description of stations on a transect from high to low shore. Redox and salinity data
are means of three samples taken at 20 cm depth.

Site Redox
(20 cm)

Salinity
(20 cm)

Tree
density
(m2)

Tree species
(dominant first)

Height above
chart datum (m)

1 108 59a 0.55 C. tagal, A. marina 3.00
2 44 53 0.61 C. tagal, A. marina 2.88
3 50 53 2.04 C. tagal 2.74
4 �55 34 0.40 R. mucronata 2.34
5 �159 36 0.10 A. marina, R. mucronata 2.29
6 �124 32 0.16 S. alba 1.37

a Mean from similar nearby sites.
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prepared: A e Avicennia only; B e Bruguiera only; C e Ceriops only;
AC e Avicennia and Ceriops; Bn e Bruguiera and nitrogen; Bp e

Bruguiera and phosphorus; Cc e crab control; Gc e growth control;
Am e Avicennia mature; Al e Avicennia large. These species were
used because of their common occurrence at the site and because
roots were available from seedlings of the same age and grown
under the same conditions; roots for A, B, C, AC, Bn and Bp treat-
ments were taken from 12-month-old seedlings grown in nurseries
close to the site (to allow comparisons between these treatments
unconfounded by differences in age or growth site). Roots were
washed clean of soil and air dried for 6 h before separation into two
size categories, fine (�3 mm diameter) and coarse (>3 mm diam-
eter, up to a maximum of w9 mm). A random sample of w20 g of
roots of each size category for each species was removed and oven
dried at 60 �C for 48 h for derivation of wet to dry weight conver-
sions (to allow estimates of the initial dry weights of the wet roots
that were buried).

For A, B and C treatments, 15 g of root material, consisting of 5 g
fine and 10 g coarse roots (reflecting the natural ratio between
these root sizes) from the relevant species, was placed into 1 mm
mesh fiberglass bags. The AC treatment was designed to test for any
effects of mixing species on decomposition rates: a total of 15 g root
material was made up of 2.5 g fine roots from both Avicennia and
Ceriops, alongwith 5 g coarsematerial from each species. Bn and Bp
treatments were established to examine the effects of enhanced
tissue nutrients on decomposition. They were the same as B, but
were taken from plants fertilized four months previously with
commercial ‘Vitax’ nitrogen (20% ammoniacal nitrogen) and
phosphorus (17% phosphorus pentoxide) fertilizer, respectively.
The Am treatment was the same as A, but was designed to examine
the effects of plantmaturity on decomposition, so consisted of roots
taken from 12-year-old trees in a nearby plantation. The Al treat-
ment was designed to examine the effects of size on decomposition
rates, and consisted of 20 g of large (10e20 mm diameter) roots
taken from plantation trees; this size category is the largest
commonly found in natural Avicennia marina stands at Gazi Bay
(Tamooh et al., 2008). The Cc treatment was included to test for
artefacts caused by the mesh bags, in particular for the possibility
that the bags could exclude fauna such as crabs that are active in the
decomposition process. It consisted of 15 g coarse Bruguiera roots,
taken from the same seedlings used for the B treatment, placed into
a bundle, and tied with thin nylon line at one end, fixed to the roots
using a small drop of epoxy resin. Finally the Gc treatment was
designed to examine any artefacts caused by the growth of nearby
roots into themesh bags. It consisted of mesh bags filled with sandy
sediment taken from station 1, fromwhich any mangrove roots had
been carefully removed.

Total replication for each treatment was: A, B, C, AC, Al, and
Am¼ 36; Bn, Bp¼ 12; Cc, Gc¼ 6. At each station on the transect
two blocks were established w10 m apart. Plots within blocks,
separated by 50 cm and marked with small plastic rods, were
Please cite this article in press as: Huxham,M., et al., Decomposition of ma
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randomly allocated to treatments with three replicates per treat-
ment per block (i.e. six replicates per station). Cc and Gc treatments
were placed at station 4 only, Bn and Bp at stations 1 and 6 only and
all other treatments were placed at all stations. Root bags (and
bundles, for Cc treatments) were buried in August 2006 by making
a 20 cm deep slot and placing the bags vertically (hence the depth
of roots ranged from 20 cm to 10 cm).

2.4. Root recovery and processing

At each station, all the plots in one block were sampled six
months after burial in February 2007 (giving n¼ 3 per treatment
per station). Particular care was taken to remove the Cc treatment,
since the roots were not bagged; the nylon filament had been tied
to a stick at the sediment surface andwas used to find the roots that
were then carefully extracted. In the laboratory, sediment was
carefully washed away from the root bags before theywere opened,
and roots were air dried before being separated into size (and for AC
treatments into species; the two species were still distinguishable
by eye) categories and weighed. Dry weights were recorded after
oven drying at 60 �C for 48 h.

The remaining plots were sampled 12 months after burial, in
July 2007, and samples treated the same as in February.

2.5. Organic carbon, nitrogen, and phosphorus analyses

Dried and ground, homogenized root material was weighed into
pre-combusted silver boats (500 �C, 3 h), and carbonate material
was removed through a combination of HCl (10%) additions and
drying at w50 �C. The organic carbon (Corg) and total nitrogen
(Ntotal) concentrations of the mangrove roots were determined on
a CARLO ERBA NA 1500 Elemental CHNAnalyzer. The P content was
measured on unacidified, ground, homogenized samples (2 mg)
using the method described in Fourqurean et al. (1991).

2.6. Statistical analyses

For both February and July samples, percentage dry weight loss
was calculated for each sample (using wet to dry weight conversion
factors to estimate initial dry weight). Values were divided into
coarse and fine categories, and into different species, where rele-
vant. All data were checked for normality and heteroscedasticity
and transformed where necessary. Repeated measures ANOVAwas
used to test for differences between the factors time, treatment,
and station, along with any interactions, for the fully factorial
model (that is, excluding those treatments that were not sampled
at every station and time). Where significant interactions were
found, further ANOVA analyses were performed within each level
of the interacting factor (in order to identify significant differences
between the other factors; Underwood (1997)). For the AC treat-
ment, % decomposition of Ceriops roots was compared (using
ANOVA) with that recorded in the C treatment at each station. For
Bn and Bp treatments, % decomposition was compared (using
ANOVA) with that for the B treatment at the relevant stations. Crab
control treatments were compared with the equivalent B treatment
roots at the same station.

3. Results

3.1. Effects of time, species and station

There were large differences between the decomposition rates
of the species, with Avicennia decomposing faster than the other
two. Mean percentage dry weights remaining after one year, for
data pooled across all stations, were 24, 53, and 56 for Avicennia
ngrove roots: Effects of location, nutrients, species identity andmix in
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(treatment A), Bruguiera, (B) and Ceriops (C) respectively (Fig. 2).
The AL treatment showed a similar pattern to that of B and C, with
58% remaining after 12 months, whilst the AM treatment was
intermediate with 43%. In all cases, decomposition was most rapid
during the first 6 months. For example, Bruguiera roots lost 34% of
their initial mass during the first 6 months, but only 13% in the next
6 month period.

The repeated measures ANOVA model including station, treat-
ment and time showed highly significant differences within each
factor (station: F5,60¼16, P< 0.001; treatment: F4,60¼ 97,
P< 0.001; time: F1,60¼ 78, P< 0.001) but also highly significant
interaction terms. Hence data were analysed using separate two-
way ANOVAs for each sampling time. Data from both dates gave
significant effects for treatment and station factors (P< 0.001 for all
tests apart from station in July, P¼ 0.036). However, there were
highly significant interactions between the factors at both dates;
thesewere driven in particular by the AL and AM treatments, which
tended to show relatively enhanced decomposition rates at the
middle stations (Fig. 3). The A treatment (i.e. nursery reared Avi-
cennia roots) always showed the highest decomposition, on both
dates and at all stations. The rank order of the other treatments
varied between stations and dates, although B, C and AL tended to
show the lowest decomposition, whilst the AM treatment tended
to show the second highest.

The February (6 months decomposition) data showed a general
trend of decreasing decomposition at the upper shore (stations 1
and 2, Fig. 3), particularly for treatments AL and AM. One way
ANOVAs on the effects of station for each of the treatments indi-
vidually gave highly significant results for all treatments excepting
A, and in every case stations 1 or 2 showed the highest remaining
mass. The station effect was less clear for the July (12 months
decomposition) data, with only B and AL treatments showing
significance; B showed a similar pattern to that of February, with
lower decomposition at the upper shore, whilst AL showed
anomalously high decomposition at station 3 (Fig. 3).
3.2. Organic nutrient concentrations and effects

The % weight remaining of B, Bn, and Bp treatments at stations 1
and 6 were directly compared (since Bn and Bp treatments were
restricted to these stations). The factors time, treatment and station
were all highly significant (repeated measures ANOVA: F1,12¼ 63,
P< 0.001; F2,12¼ 8, P¼ 0.007; F1,12¼14, P¼ 0.003 respectively),
with no significant interactions. Station 6 showed higher decom-
position rates (Fig. 4). Bn decomposed faster than the other two
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Fig. 2. Mean (� S.D.) percentage dry root weight remaining in five treatments
(A¼ Avicennia, B¼ Bruguiera, C¼ Ceriops, AL¼ Avicennia large, AM¼ Avicenniamature)
after 6 and 12 months. Data are pooled across six stations.
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treatments; Bn means were significantly lower than those of B and
Bp, which did not differ from each other (Tukey tests; Fig. 4).

Rates of N and P loss from the roots, calculated by subtracting
the amount of nutrient remaining in the roots after one year from
the amount present in the initial samples, showed A as exhibiting
the highest rates for N and Bp the highest rates for P (Table 2).
Although therewas a net loss of N and P during the experiments the
nitrogen concentration of the decomposing mangrove roots
increased in all the treatments at both stations, while phosphorus
concentrations all decreased. Differential rates of loss of C, N, and P
resulted in changes to the elemental ratios. Initial organic carbon/
total nitrogen molar ratios (C/N) for samples of roots of A, B, C, Bn,
and Bp treatments were 57, 79, 77, 54, and 53 respectively. In all
cases the C/N of the mangrove roots had decreased after 12 months
decomposition (Fig. 5). Twoway ANOVA for differences amongst 12
months data, with station (1 or 6) and treatment (A, B, C, AL, AM, Bn,
Bp) as factors showed a significant treatment effect (F6,6¼ 25,
P< 0.001) and a significant treatment� station interaction
(F6,26¼ 3.3, P¼ 0.014). Data were therefore analysed separately for
each station; in both cases A had the lowest C/N ratio, which
differed significantly (P< 0.05) from all treatments apart from Bn at
station 1, and only from AL at station 6. Bn was significantly lower
than AL, B, and C at station 1. AL had the highest C/N at both stations,
and was the only treatment to differ significantly at station 6.

Initial organic carbon/total phosphorus molar ratios (C/P) for
samples of roots of A, B, C, and Bp treatments were 1118, 1317, 1021,
and 1019; an error meant that a value for the Bn treatment is not
available. In contrast with the total nitrogen results, decomposition
did not enhance organic phosphorus concentrations; rather C/P
ratios increased in all treatments except A for station 6 after 12
months (Fig. 6). TwowayANOVA for differences amongst 12months
data, with station (1 or 6) and treatment (A, B, C, AL, AM, Bn, Bp) as
factors showed a significant treatment (F6,6¼ 27, P< 0.001) and
station (F1,6¼ 59, P< 0.001) effect, with no interaction e station 6
showed generally higher P concentrations (and hence lower C/P
values) than station 1 (Fig. 6). C/P for A was significantly (P< 0.05)
lower than all other treatments (Tukey multiple comparison test).
AL had higher mean C/P than all other treatments, and was signif-
icantly higher than the AM, Bn and Bp treatments (Fig. 6).

3.3. Effects of root size

The Avicennia large (AL) treatment was significantly more
refractory than the A treatment (Fig. 3; Tukey Test on data
described in Section 3.1, P< 0.05) suggesting larger roots from this
species decompose more slowly. This difference was apparent in
most of the treatments when comparing fine and coarse roots.
Mean (�S.D.) percentage masses remaining after 12 months of fine
and coarse roots, pooled across all stations and treatments, were 40
(�17) and 49 (�20) respectively. The effects of size were analysed
formally using a three way ANOVA on July data, with treatment (all
those treatments represented at all stations and in both sizes),
station and size as main factors, and bag (i.e. the bag from which
any given coarse and fine roots were taken) as a nested factor
within station. Treatment and size were significant (F3,15¼ 45,
P< 0.001; F1,5¼ 33, P¼ 0.002 respectively). There was a significant
interaction term between them (F3,15¼ 8, P¼ 0.002) caused by the
strong effect of size on A and B treatments compared with the
smaller differences in AM and C treatments (Fig. 7). All other factors
and interactions were non-significant.

3.4. Effects of root mixing and experimental artefacts

Roots recovered from the AC treatment were separated into
Avicennia and Ceriops, and the % dry mass remaining of the Ceriops
ngrove roots: Effects of location, nutrients, species identity andmix in
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Fig. 3. Mean (�S.D.) percentage dry root weight remaining in five treatments (n¼ 3) at six stations at different heights above chart datum after 6 (a) and 12 (b) months.
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roots were compared with the % mass recovered from the C treat-
ment, using a repeated measure ANOVA. There were highly
significant interactions between time, station and treatment, so
July data were analysed separately for each station. At stations 3, 4
and 6 a significantly (P< 0.05) greater % of Ceriops roots taken from
the mixed treatment had decomposed, compared with the C
treatment (Fig. 8).

The crab control (Cc) treatment, consisting of coarse Bruguiera
roots at station 4, was compared with the coarse roots taken from
the B treatment at the same station. The mean (� S.D.) % weights
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Fig. 4. Mean (�S.D.) % dry weight remaining after 12 months in the nitrogen (Bn) and
phosphorus (Bp) enriched treatments at the top (1) and bottom (6) stations, compared
with the un-enriched B treatment from the same stations; n¼ 3 for all treatments.
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remaining after 6 months were very similar between treatments
(92� 4 and 91�9 for CC and B treatments respectively). However,
after 12 months there was a higher mean % weight in the Cc
compared with the B treatment (76� 7; 56� 6), and the difference
was significant (t test P¼ 0.03).

No roots were found in any of the growth control treatment
bags, suggesting in-growth of new roots was unlikely to cause
errors.

4. Discussion

This work is consistent with previous studies in showing
generally low rates of decomposition in mangrove roots compared
with other mangrove tissues (Middleton and McKee, 2001) and
roots of terrestrial species (Silver and Miya, 2001). Fifty six percent
of the original dry mass of the C (Ceriops tagal) treatment remained
after one year below ground. Expressing this as a decay constant
(the relationship between the natural logarithm of dry mass
remaining and the time in days; Twilley et al., 1997) gives
Table 2
Rates for N and P loss from roots at stations 1 and 6, for Avicennia (A), Bruguiera (B),
Ceriops (C), Bruguiera plus phosphorus (Bp) and Bruguiera plus nitrogen (Bn)
treatments. Units are mg gDW�1 yr�1, using initial root DW.

Treatment N P

Station 1 Station 6 Station 1 Station 6

A 3.93 4.32 0.62 0.62
B 1.13 1.70 0.45 0.51
C 0.82 1.38 0.66 0.68
Bp 1.92 2.80 0.69 0.75
Bn 3.81 5.03

ngrove roots: Effects of location, nutrients, species identity andmix in
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0.0012 d�1. This is similar to the lowest values recorded by Poret
et al. (2007) in their study of decomposition of mixed Rhizophora
mangle, Avicennia germinans, Laguncularia racemosa and Con-
ocarpus erectus roots over 250 days, and to the mean values
reported by Mckee and Faulkner (2000) after one year of decom-
position in their Rhizophora mangle, Avicennia germinans and
Laguncularia racemosa treatments. The A treatment, however,
decayed at significantly greater rates at all stations and both times;
the average decay constant of 0.0039 d�1 was higher than that
reported by Poret et al. (2007) for any of their treatments, and equal
to the fastest decay recorded by McKee et al. (2007) for their single
Rhizophora mangle treatment.

This strong effect of species, with Avicennia marina showing
consistently greater decomposition rates, has not been shown
before. The studies by Mckee and Faulkner (2000) and Middleton
and McKee (2001) that compared decay rates between Rhizo-
phora mangle, Avicennia germinans and Laguncularia racemosa
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collected from the field found no consistent effects of species. The
current study is the first to compare decay rates amongst the set of
species used here; hence the differences found could be specific to
these particular species. However, differences in root age, which
were controlled for in the current work, may have acted as
a confounder in the previous studies that used wild harvested
roots.

One explanation for the differences between species is the
different nutrient concentrations found in the mangrove roots.
Avicennia marina had a low initial C/N ratio (57), and it was the
species with the highest initial concentration of N (0.67 wt%).
A. marina also accumulated the greatest N during decomposition
(station 1 1.16, station 6 1.00 wt%), resulting in the lowest C:N
(station 1, CN¼ 27, station 6, CN¼ 33, Fig. 5) after 12 months
decomposition. In the current study, nitrogen was probably more
important in stimulating decomposition than phosphorus. Despite
its much faster decomposition, A. marina had a lower initial P
concentration (0.76� 0.015 wt %) than C (0.85� 0.045 wt %) or Bp
(0.89� 0.002 wt %). The Bn (nitrogen enriched Bruguiera) treat-
ment, with root nitrogen concentrations higher than the Bruguiera
gymnorrhiza roots, showed significantly greater decomposition
compared with the B (un-enriched) treatment; no significant
difference was found for the Bp treatment. Many studies have
reported differences in decay rates between leaves from different
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mangrove species, with C/N ratios invoked as one explanatory
factor (e.g. Feller et al., 1999; Mckee and Faulkner, 2000; Bosire
et al., 2005). More generally, a meta-analysis of decomposition
studies across eight different ecosystems (including mangroves)
demonstrated a strong relationship between nitrogen content and
decomposition rates (Cebrian et al., 1998). Hence it might be
expected that lower C/N would result in faster decomposition in
roots also, as reported here. Poret et al. (2007) found no effects of
C/N on root decomposition, although their study involved mixed
roots of different ages and from different sites, hence small effects
of C/N may have been masked. Feller et al. (1999) found enhanced
sediment P concentrations increased decomposition rates in buried
cotton strips, whilst enhanced N concentrations had no effects. It is
likely that the limiting factor (N or P) will vary between sites, but
the current results are consistent with the broader decomposition
literature in suggesting N concentration of roots may be important.
In common with studies on mangrove leaves (e.g. Fourqurean and
Schrlau, 2003) and wood (Romero et al., 2005), C/N ratios drop-
ped during decomposition, as roots became relatively enriched
with N by microbial activity; the accumulation of refractory root
material with enhanced N levels represents a storage mechanism
for nutrients within themangrove ecosystem (Alongi, 2009, p. 107).
P levels remained similar or reduced over time.

Enhanced N concentrations in Avicennia roots (initial concen-
tration 0.67� 0.012 wt %) that were intimately mixed with Ceriops
roots (initial concentration 0.51�0.046 wt %) are the most likely
explanation for the faster decomposition of Ceriops roots found in
the AC treatment. Similar results, with multi-species mixes
enhancing decomposition in refractory species, have been recorded
in some terrestrial leaf studies (Madritch and Cardinale, 2007), but
not to our knowledge for mangroves (e.g. Ashton et al., 1999). It
therefore seems that root decompositionwill differ between mixed
versus mono-specific stands.

Poret et al. (2007) and Mckee and Faulkner (2000) compared
sites with different hydrological regimes, and reported slower root
decomposition rates at wetter sites with lower redox potentials.
This differs from the pattern found here of generally faster
decomposition at lower tidal stations, despite redox values below
those reported by Poret et al. (2007) and Mckee and Faulkner
(2000). Hence redox alone does not predict decomposition
(perhaps because it can be a poor surrogate for oxygen availability).
Both of these studies refer to water logging and incomplete tidal
flushing at the sites with slow decomposition; in contrast, the
lower stations at Gazi were flushed daily by the tide, and thus may
have experienced less extreme hydro-chemical regimes. Romero
et al. (2005) found that mangrove wood decomposed faster when
buried than when dry. It is possible that the relatively dry condi-
tions at the highest Gazi stations, combined with the high levels of
salt, acted to reduce decomposition. However, the treatment � site
interactions suggest that substrate and site variables will interact to
determine specific decomposition rates; the AL (large Avicennia
roots) and AM (roots from mature Avicennia trees) treatments
showed the most unusual interactions, and these were the treat-
ments using ‘ambient’ roots with no knowledge of their age, and
hence with the greatest likely variability in nutrient composition.

Macrofauna such as snails and crabs may consume a large
fraction of mangrove leaf detritus, leading to underestimation of
degradation rates of leaves in studies using mesh bags, which
exclude such organisms (Mckee and Faulkner, 2000). To our
knowledge, there are no studies on consumption of roots by mac-
rofauna, and the purpose of our crab control treatment was to
provide a test of this possible artefact. There was no evidence that
mesh bags were preventing decomposition (implying that macro-
fauna were not important agents of decomposition of roots e

although this does not preclude indirect effects through for
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example oxygenation of the sediment (Kristensen, 2008)). Rather,
there was significantly less weight loss in the un-bagged roots. This
suggests that the mesh bags could enhance decomposition,
perhaps by fostering awet or nutrient-rich microenvironment. This
is one of four reasons why the decomposition rates reported here
are likely to be fast compared with natural conditions. The other
three are: (1) root age. To allow treatment comparisons uncon-
founded by age differences, roots of the same age from seedlings
were used. Such roots are likely to be less lignified, and perhaps
more nutrient rich, than older roots, and hence should decay more
rapidly. The significantly slower decay recorded for the AM (Avi-
cennia mature) compared with the A treatment supports this. (2)
Root status. Living (or newly killed) root material was used. Rhi-
zophora mangle trees may recoverw40e70% of N, andw20e70% of
P, from their leaves during senescence (Feller et al., 1999). If
a similar resorption occurs in roots, then decay is likely to be slower
because of lower nutrient concentrations. (3) Root size. Coarse
roots tended to decompose more slowly than fine ones (Fig. 7), and
the AL treatment was more refractory than the other Avicennia
treatments. Hence using one-third fine roots may have led to fast
overall decomposition rates. However, fine roots do constitute
a major part of root biomass at Gazi, with roots <5 mm in diameter
contributing 53e37% of dry weight depending on species (Tamooh
et al., 2008).

5. Conclusion

This work is consistent with the few previous studies on
mangrove root decomposition in finding slow decay rates, ranging
from 24 to 58% of dry weight lost over one year, and there are
reasons to suspect that these may over-estimate the speed of decay.
Given below ground biomass of up to 75 t/ha at our site (Tamooh
et al., 2008) this supports the notion of mangrove forests as
furnishing long term carbon sinks (Komiyama et al., 2008). Rates of
decomposition (and hence ultimately carbon accumulation) at Gazi
depend on site and species. Future mangrove restoration and
management plans might choose carbon accumulation as a key
objective; if so, this may require balancing the attractions of more
productive sites (lower tidal) and species (Avicennia) against
conditions with slower decay (e.g. drier sites with slower growing
species such as Ceriops e Kirui et al., 2008).
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