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• Microbial decomposers are N-limited even in sites where tree growth is P-limited.
• Eutrophication increased mangrove litter decomposition exclusively via litter quality.
• Litter N and P dynamics were not modified by external amendments.
• Eutrophication effects on decomposition may depend on limitation of primary producers.
• Litter N and P dynamics were not modified by external amendments.
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Nutrient enrichment of mangroves, a common phenomenon along densely populated coastlines, may negatively
affectmangrove ecosystemsbymodifying internal carbon andnutrient cycling. The decomposition of litter exerts
a strong influence on these processes and is potentiallymodifiedby eutrophication. This studydescribes effects of
N and P enrichment on litter decomposition rate and mineralisation/immobilisation patterns.
Bymaking use of reciprocal litter transplantation experiments among fertiliser treatments, it was tested if nutri-
ent addition primarily acts on the primary producers (i.e. changes in litter quantity and quality) or on the micro-
bial decomposers (i.e. changes in nutrient limitation for decomposition). Measurements were done in two
mangrove forests where primary production was either limited by N or by P, which had been subject to at
least 5 years of experimental N and P fertilisation.
Results of this study indicated that decomposers were always N-limited regardless of the limitation of the prima-
ry producers. This leads to a differential nutrient limitation between decomposers and primary producers in sites
where mangrove production was P-limited. In these sites, fertilisation with P caused litter quality to change,
resulting in a higher decomposition rate. This study shows that direct effects of fertilisation on decomposition
through an effect on decomposer nutrient availabilitymight be non-significant, while the indirect effects through
modifying litter qualitymight be quite substantial inmangroves. Our results show no indication that eutrophica-
tion increases decomposition without stimulating primary production. Therefore we do not expect a decline in
carbon sequestration as a result of eutrophication of mangrove ecosystems.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Mangroves are among the most carbon-rich forests in the tropics
(Donato et al., 2011), due to high primary production and slow decom-
position (Cebrián, 1999). The latter process governs important ecosys-
tem services such as soil carbon sequestration and nutrient exchange
with through-flowingwater. Microbial decomposers are a key function-
al group processing most of the carbon and nutrient fluxes in these
coastal systems (Holguin et al., 2001). Leaf litter is a primary resource
), m.m.hefting@uu.nl
j.t.a.verhoeven@uu.nl
for decomposers, and its quality and quantity have strong effects on de-
composer activity (Couteaux et al., 1995; Strickland et al., 2009;
Mooshammer et al., 2012). Decomposers have a major impact on nutri-
ent availability for the vegetation through conversion of organically
bound nutrients to mineral forms (mineralisation) and vice-versa (im-
mobilisation) (Swift et al., 1979; Berg and Laskowski, 2005; Cherif and
Loreau, 2009) As a change in nutrient availability in turn affects both lit-
ter composition and litter production rate, changes in decomposition
dynamics have a strong potential feedback on the decomposer commu-
nity composition, nutrient availability, and primary production
(Holguin et al., 2001; Hessen et al., 2004; Norris et al., 2012).

The rate of decomposition generally correlates positively with nutri-
ent availability in terrestrial and wetland ecosystems (Cebrián et al.,
1998). Anthropogenic nutrient enrichment might therefore have a
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Fig. 1. a) The setup of the mangrove fertilisation experiment in Twin Cays, Belize and
North Hutchinson Island, Florida, USA. Per location, three transect blocks, 2550 long,
were oriented perpendicular to the shoreline. In addition, a reference plot was established
at each location (open circles). b) Each transect block consisted of three parallel transects
separated by 10 buffer zones against possible lateral migration of fertilisers. All transects
randomly received one of three fertilisation treatments: Control, nitrogen (N) and phos-
phorus (P). c) Transects were subdivided into fringe, transition, and dwarf zones based
on tree height. In each transect, three trees per zone were selected for treatment. d) The
fertilisation was applied to specific trees by burying fertiliser-filled dialysis tubing near
the roots and plugging the hole with soil substrate.
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negative effect on carbon storage by stimulating decomposition more
strongly than primary production (Hessen et al., 2004). Nutrient enrich-
mentmay change litter decomposition in two differentways, i.e. direct-
ly, via increased availability of mineral nutrients for decomposers
(Norris et al., 2012), and indirectly, via fertiliser-induced changes in lit-
ter composition (Bryant et al., 1983; Prescott, 2010; Hobbie et al., 2012).
Indirect effects of nutrient enrichment may include an increase in litter
nutrient content (Hobbie et al., 2012) and a decrease in carbon-rich
secondary compounds such as lignin (Bryant et al., 1983), both resulting
in a higher decomposability.

Direct effects of nutrient enrichment on decomposition are quite
complex, as both retarding and stimulating effects of nutrient amend-
ment have been reported. While decomposition of labile litter com-
pounds is mostly stimulated by nutrient addition, the effect on more
recalcitrant litter compounds is element specific, as nitrogen generally
retards, (O'Connell, 1993; Knorr et al., 2005; Craine et al., 2007), while
phosphorus stimulates breakdown of these litter compounds.

Nutrient enrichment thus affects decomposer activity, litter quality,
and their interaction. Nutrient availability and litter quality influence
patterns of nutrient immobilisation and mineralisation during decom-
position, (O'Connell, 1993; Osono and Takeda, 2004). As these processes
are tightly coupled to nutrient uptake bymangrove trees (Holguin et al.,
2001), changes in nutrient dynamics of decomposing leaves may have
important consequences for primary production. Nutrient enrichment
therefore could result in complex interactions culminating in net
accumulation or net loss of litter and soil organic matter in the soil.
For example, enrichment in one nutrient may decrease availability of
another nutrient through plant uptake or immobilisation. This, in turn,
may slow down decomposition, primary production, or both.

In the present study, we investigated the effects of long-term
nitrogen (N) and phosphorus (P) enrichment on patterns of litter
decomposition as well as nutrient mineralisation and immobilisation
in two mangrove forests on Twin Cays in Belize and on North
Hutchinson Island in Florida. Thesemangroves have a contrasting soil car-
bon content, but a similar vegetation structure with trees fringing
the coastline being much taller than trees growing further inland. In
this very nutrient-limited inner zone, mangrove trees are stunted and
growth is limited by P on TwinCays and byNonNorthHutchinson Island.

Manipulation of nutrient limitations by the long-term fertilisation
treatments applied in these locations allows for testing effects of nutri-
ent availability on decomposition without the confounding effects of
location and plant species composition. By comparing decomposition
dynamics of litter in the different locations and treatments we can
assess i)whether nutrient enrichment stimulates decomposition direct-
ly, through increasing soil nutrient availability, or indirectly, through
changing leaf litter quality, ii)Whether N- or P-limited systems respond
differently to enrichmentwith either of these elements, and iii)Wheth-
er nutrient retention during the decomposition process is diminished
by external nutrient enrichment.

2. Materials and methods

This study was conducted at two mangrove-dominated locations:
Twin Cays, Belize, and an impounded mangrove (Mosquito Impound-
ment 23) on North Hutchinson Island, Indian River Lagoon, Florida,
USA (Fig. 1a). Twin Cays is a relatively pristine, peat-based, 92-ha
archipelago, 12 offshore (16;50;N, 88;06;W) where it receives no
terrigenous freshwater or sediment inputs (Ruetzler and Feller, 1996).
Mosquito impoundment 23 is a 122-ha abandoned impoundment,
located on the lagoon side of North Hutchinson Island, Indian River
County, Florida, USA (27;33;N, 80;20;W). Both locations have been
the focus of long-term research (e.g. (Feller et al., 2003, 2007, 2009))
with respect to eutrophication effects.

Twin Cays is underlain by deep deposits of mangrove peat, 8–12
thick (Macintyre et al., 2004). On North Hutchinson Island, in contrast,
the soil is highly disturbed with little structure, composed primarily of
sand and shell fragments that were deposited when the impoundment
was built (Feller et al., 2002, 2003).

In spite of their contrasting edaphic properties, vegetation structure
is similar at both locations with a clear zonation perpendicular to the
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shore line. Both primarily dominated by red mangrove (Rhizophora
mangle) and black mangrove (Avicennia germinans) intermingled with
whitemangrove (Laguncularia racemosa) (Feller et al., 2009). Both loca-
tions showed a clear zonation perpendicular to the shoreline. The outer
zone of 5–20 consists of a narrow stand of uniformly tall (5–6) R.mangle
trees. Further from the shoreline, trees rapidly decrease in height (2–4)
and form a transition zone that varies in width from 5–30. This transition
zone is still dominated by R. mangle on Twin Cays and by A. germinans on
North Hutchinson Island. On the landward side of this transition zone,
both locations are dominated by stunted trees of low stature (≤1.5).
This so-called dwarf zone is dominated by R. mangle on Twin Cays
and by A. germinans on North Hutchinson Island. Fertilisation studies
have shown that mangrove trees at North Hutchinson Island are
strongly N-limited (Feller et al., 2002), while trees on Twin Cays are
strongly P-limited in the dwarf zone, while the fringe zone is somewhat
N limited (Feller et al., 2003).
2.1. Experimental design

Trees for experimental manipulation were chosen at Twin Cays in
1995 and at North Hutchinson Island in 1997 as described in Feller
et al. (2002, 2003). Per location, three transect blocks, 25–50 long,
were oriented perpendicular to the shoreline (Fig. 1). Each transect
block consisted of three parallel transects separated by 10 buffer zones
to exclude effects of possible lateral migration of fertilisers. Transects
were subdivided into fringe, transition, and dwarf zones based on tree
height as described above. In each zone, 3 trees per transectwere select-
ed to be treated andwere fertilised with N, P or were left unfertilised so
that in total 81 trees per location, 9 per transect, were selected to
accommodate the experimental treatments. In addition to the above,
reference plots were established in the fringe of both locations, outside
the influence of the nutrient enrichment. These plots served as a
location-specific control for transplantation effects and were used for
incubation of litter from other sites and as a source of reference litter.
The reference plot on Twin Cays was established in a Rhizophora-
dominated fringe, while on North Hutchinson Island it was located in
an Avicennia-dominated fringe site.

The fertilisation treatments (N, P, Control) were randomly assigned
to the three transects within each transect block (Feller et al., 2002,
2003). Fertilisation consisted of the semiannual burial of dialysis tubing
filled with 300 urea (CO(NH2)2) or triple superphosphate (Ca(H2PO4)
2·H2O), leading to the application of 276 of N and 165 of PO4 per plot
respectively. To deliver the fertiliser to the soil matrix, two 30 deep
holes, 4 in diameter, were made at opposing sides of each tree, beneath
the outermost margin of the canopy and approximately 30 from a root
of the target tree (Fig. 1). Twice a year, these holes were filled with
the fertiliser contained in dialysis tubing (Spectrapor Membrane Tub-
ing, 50 diameter, 6000–8000 MWCO). Each hole was sealed with soil
Table 1
Experimental setup of litter incubation inmangrove stands at Twin Cays, Belize and North
Hutchinson Island, Florida. Treatment consisted of at least five years of semiannual nitro-
gen (N) or phosphorus (P) fertilisation with a non-fertilised control treatment as a refer-
ence. The setup is repeated for each of the three zones, in each of three transect blocks, at
both locations. Within a location, all zones and all transects share a single reference plot.

Experiment Origin Incubation Treatment effect

Native litter (NL) C → C Soil nutrients, litter quality
N → N
P → P

Common site (CS) C →
Reference

Litter quality
N →
P →

Common litter (CL)
Reference

→ C Soil nutrients
→ N
→ P
substrate. For control trees, holeswere cored and sealed but no fertiliser
was added. Thismethodwas based on previous studies (Feller, 1995), in
which plant growth dramatically increased in response to addition of
the limiting nutrient and small patches of fertilised trees immediately
around the target tree were created.
2.2. Litter collection and incubation

Litter was collected by picking fully senescent leaves directly from
the target trees at the experimental sites. Within each zone, litter from
each treatment was combined and thoroughly mixed, so that nine
different litter types were collected per location. In addition, litter was
collected from the reference plot at each location.

Approximately 8–10 of dry senescent leaf litter was included in
1 mesh bags of 10 ∙ 10. Replicate sets of seven bags were deployed ran-
domly among the three replicates per zone at each location where they
were collected. To amass enough leaf litter to set up these experiments,
senescent leaves were collected over a 6-month period in 2000 and the
experimentswere deployed in October 2000. These bagswere retrieved
after 2, 4, 8, 24 and 36 weeks of incubation to determine remaining
mass, carbon (C), N, and P. In addition, bags were brought to the field
and immediately retrieved as a control for transportation effects. In
addition to measuring C, N and P concentrations, these zero-day bags
were used in to determine lignin content.

To quantify the effects of direct, indirect, and interactive effects of
soil nutrients and litter quality, three incubation experiments were
conducted: i) Native litter (NL), where litter was incubated at its site
of origin; ii) Common site (CS), where litter harvested from different
treatments was incubated at a reference plot; iii) Common litter (CL),
where litter harvested at the reference plot was incubated in all treat-
ments plots. (See also Table 1). These experiments were conducted in
parallel on Twin Cays and on North Hutchinson Island.
2.3. Chemical analysis and mass loss determination

After incubation, litter bags were carefully rinsed and dried at 70
for 48 before further processing. Initial weights were corrected for
handling losses and initial moisture content to determine initial litter
mass. These correction factors were determined on litter from bags
that were taken into the field, but not incubated (0 weeks). Litter
mass loss was determined by weighing litter after incubation and
subtracting the corrected initial weight.

Total C, N, P and lignin concentrationsweremeasured after grinding
the litter in aWileyMill to pass through a 0.38 screen. Concentrations of
C and N were determined with a Model 440 CHN Elemental Analyser
(Exeter Analytical, North Chelmsford, US-MA) at the Smithsonian
Environmental Research Center, Edgewater, MD. Concentrations of
P were determined using an inductively coupled plasma spectropho-
tometer (ICP) by Analytical Services, Pennsylvania State University,
US-PA. Lignin analysis was done at Northern Arizona University,
based on methods outlined by Iiyama and Wallis (1990) as modified
by Chapman et al. (2003). Briefly, 10 of deionisedwater was added to
10–15 of dry, ground litter samples in test tubes. The tubes were then
placed in a dry block, heated at 60 for 1, and stirred at 10 intervals.
Samples were then filtered through GF/A glass fibre filters and rinsed
three times with each of the following sequence of solutions: water,
ethanol, acetone and diethyl ether. After drying overnight at 70, sam-
ples were digested in 25 acetyl bromide in acetic acid and perchloric
acid for 40 at 70, cooled, diluted with 10 of 2 NaOH, then brought
to 50 volume with glacial acetic acid. Samples were filtered and absor-
bances were read on a spectrophotometer at 280 (Spectromax Plus
184 Molecular Devices, Sunnyvale, US-CA). National Institute of
Standards and Technology pine standard (NIST no. 1575) was used for
calibration.



Table 2
Summaryof the results ofWald's χ2 test on linearmixed-effectmodels examining the con-
centration of nitrogen ([N]), phosphorus ([P]) and lignin of fresh leaf litter in Twin Cays,
Belize (TC) and North Hutchinson Island, Florida, USA (HI). Effects of fertilisation with N
and P between and within locations are examined. Between locations, only fringe trees
were compared, as they were the same species. Within locations, the effect of zonation
and its interaction with N or P fertilisation is also examined. (***p b 0.001, **p b 0.01,
*p b 0.05, .p b 0.1).

[N] [P] Lignin
Df χ2 p χ2 p χ2 p

Between Location 1 4.12 * 87.91 *** 4.49 *
N:location 2 11.69 ** 7.80 * 0.19
P:location 2 0.38 17.00 *** 2.69

Within
TC N 1 19.62 *** 0.81 1.79

P 1 23.00 *** 77.53 *** 0.20
Zone 2 78.68 *** 3.93 5.72 .

N:zone 2 8.68 * 0.92 6.52 *
P:zone 2 13.90 *** 2.41 3.67

HI N 1 13.03 *** 0.01 1.65
P 1 1.71 0.24 2.54
Zone 2 8.06 * 33.38 *** 21.24 ***
N:zone 2 1.37 1.65 0.23
P:zone 2 0.01 1.72 1.39

405J.A. Keuskamp et al. / Science of the Total Environment 508 (2015) 402–410
2.4. Statistical analysis

Results were analysed using R (R Core Team, 2012) and the R
packages nlme (Pinheiro et al., 2012) for linear-mixed effect modelling,
car (Fox and Weisberg, 2011) for type II sum of squares and mgcv
(Wood, 2011) for generalised additive mixed modelling (GAMM). Hy-
pothesis testing for linear models was done using Wald's χ2 test with
type II sum of squares. Homoscedasticity was confirmed by Levene's
test and normality was checked using Shapiro's test.

Treatment effects for GAMMmodels were tested using a Wald's F
test for general additive models. Lignin, N, and P concentrations of
fresh litter were analysed using a linear model with treatment,
zone and their interactions as fixed effects and transect as a random
effect. Changes in absolute N and P content during decomposition
were tested separately at the two locations using a GAMM with a
cubic regression splined smooth for N and P content, factorial splines
and parametric terms for each fertilisation and zone within transect
as random effect.

3. Results

3.1. Litter quality

Overall, the litter quality on Twin Cays is lower as compared toNorth
Hutchinson Island, with lower N and P concentrations and higher lignin
contents (Fig. 2, Table 2). This is true for all three zones, including the
fringe zone which is dominated by R. mangle in both Twin Cays and
North Hutchinson Island.

At both locations, the composition of leaf litter is significantly related
to zone and nutrient treatments (Table 2).While fertilisation had a larg-
er effect on litter quality on Twin Cays as compared toNorthHutchinson
Island, the zonation effect is relatively stronger at North Hutchinson
Island.

At Twin Cays, the N concentration of fresh litter is highly variable
with multiple interactions between zone and fertilisation treatment.
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Nevertheless, fresh leaf litter N concentration is clearly elevated in
theN-fertilised treatments (Fig. 2). In the P treatments, theN concentra-
tion of fresh litter is lower, particularly in the dwarf zone. On North
Hutchinson Island, fresh leaf litter N concentration is also higher in the
N-fertilised plots, but at this location, the effect of zone is stronger. On
Twin Cays, P-fertilised trees produced litter with a higher P concentra-
tion as compared to other treatments,while onNorthHutchinson Island
there is no effect of P-fertilisation on litter composition. In this location,
there is only an effect of zone, with senescent leaves in the transition
zone having a higher P concentration.
0
.5

1.
0

1.
5

2.
0

0
.5

1.
0

1.
5

2.
0

 content Lignin content

ransition Fringe Dwarf Transition Fringe

ransition Fringe Dwarf Transition Fringe

erminans (hatched bars) and Rhizophora mangle (solid bars)mangrove trees at Twin Cays,
lots that received semiannual nitrogen- (N) or phosphorus-fertilisation (P) for at least five



0
2

4
6

8
10

12
14

0
2

4
6

8
10

12
14

0
2

4
6

8
10

12
14

0
2

4
6

8
10

12
14

0
2

4
6

8
10

12
14

0
2

4
6

8
10

12
14

T
w

in
 C

ay
s

d
nalsI

n
os

ni
hct

u
H

0
2

4
6

8
10

12
14

Control

N fertilised

P fertilised

0
2

4
6

8
10

12
14

0
2

4
6

8
10

12
14

0
2

4
6

8
10

12
14

0
2

4
6

8
10

12
14

0
2

4
6

8
10

12
14

T
w

in
 C

ay
s

d
nalsI

n
os

ni
hct

u
H

NL CS CL

k 
(m

g 
g-1

)
k 

(m
g 

g-1
)

Dwarf Transition Fringe Dwarf Transition Fringe Dwarf Transition Fringe

Dwarf Transition Fringe Dwarf Transition Fringe Dwarf Transition Fringe

Fig. 3.Decomposition rate constants (k) of leaf litter produced by Avicennia germinans (hatched bars) and Rhizophoramangle (solid bars) at Twin Cays, Belize andNorth Hutchinson Island,
Florida, USA. k Values were calculated from mass loss at four sampling moments between 64 and 400 days, using a single pool exponential decay model Wt = W0 ⋅ e−kt. Both stands
showed a distinct zonation perpendicular to thewaterfront, differing inhydrology and primaryproduction: fringe (F), transition (T) anddwarf (D) zones. In each zone, plotswere fertilised
with nitrogen (N), with phosphorus (P) or not fertilised (Control). In each location, litter was incubated in its own treatment (Native Litter— NL), in a reference location (Common Site—
CS), or litter from the reference location was incubated in the treatment sites (Common Litter — CL); see also Table 1.
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3.2. Decomposition rates

Leaf litter decomposition rates are generally lower on Twin Cays
than on North Hutchinson Island (Fig. 3). However, in the Native Litter
experiment, decomposition rates of fringe R. mangle litter do not differ
between the two locations, while in the Common Site experiment,
R. mangle litter decomposes even more rapidly on Twin Cays as
compared to North Hutchinson Island (Fig. 3, Table 3).
Table 3
Summary of the results ofWald's χ2 test on a linear mixed-effect model examining the re-
lationship of decomposition rate constant kwith N and P enrichment in Twin Cays, Belize
(TC) and North Hutchinson Island, Florida, USA (HI). Effects for the three incubation ex-
periments are examined separately between andwithin locations. Between locations, only
fringe trees were compared, as they were of the same species. Within locations, the effect
of zonation and its interaction with N or P fertilisation is also examined. Symbols denote
significance levels (***p b 0.001, **p b 0.01, *p b 0.05).

Native litter Common
site

Common
litter

Df χ2 p χ2 p χ2 p

Between Location 1 0.00 25.43 *** 6.62 *
N:location 2 0.71 0.70 0.35
P:location 2 7.08 * 0.45 1.09

Within
TC N 1 0.05 0.58 0.30

P 1 22.43 *** 8.87 ** 5.71 *
Zone 2 16.01 *** 4.08 41.62 ***
N:zone 2 0.10 2.55 0.77
P:zone 2 0.86 3.49 2.71

HI N 1 0.83 0.30 1.34
P 1 0.71 1.95 0.09
Zone 2 109.92 *** 398.09 *** 53.24 ***
N:zone 2 0.06 4.28 0.48
P:zone 2 2.85 1.85 4.44
In each of the three litter incubation experiments, i.e. with Native
Litter, Common Site and Common Litter, decomposition rates signifi-
cantly differ between fertilisation treatments, zones, or both. On Twin
Cays, P-fertilisation is the most important modifier in all three experi-
ments, while on North Hutchinson Island differences in decomposition
rate are only explained by zone. Nitrogen does not have any significant
effects on decomposition rates in any of the experiments (Table 3).

Results from the Native Litter (NL) experiments incorporate both
litter quality and environmental influences on decomposition rate. On
Twin Cays, decomposition rate is significantly higher in the P-fertilised
sites than in the other treatments, and also in the fringe zone decompo-
sition rates are significantly higher in comparison to the dwarf and
transition zone (Table 3, Fig. 3). On North Hutchinson Island, however,
fertilisation did not have any significant effect on decomposition rate
but the rate of this process was significantly lower in the R. mangle-
dominated fringe, than in the A. germinans-dominated transition and
dwarf zones.

The Common Site (CS) experiments investigate the effects of litter
quality differences on decomposition rates regardless of effects of soil
conditions, as in both locations litter from all treatments was incubated
in the same reference plot. On Twin Cays, the effects of fertilisation are
similar to those in theNL experiment, i.e. a significant stimulation of de-
composition by the P treatment, except for the fringe zone (Fig. 3). On
North Hutchinson Island, fertilisation did not have a significant effect
on decomposition rates (Table 3), while the decomposition rate con-
stant of fringe-derived (R. mangle) litter is significantly lower than
that of the other zones (Fig. 3).

The Common Litter (CL) experiments test for environmental effects
on decomposition rates only, as the incubated litter in all treatment
plots is derived from the same reference plot. On Twin Cays, there is a
significant zone effect, with faster decomposition in the fringe as com-
pared to the other zones. Also, decomposition of this reference litter
was significantly faster in the P-fertilised plots, most notably in the
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Litter— CL); see Table 1. Lines and shaded areas are splined fitswith 95 confidence intervals of the non-parametric term in amodel with linear effects of nutrient treatments and zonation.
R2 indicates the goodness of fit.
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transition zone. OnNorthHutchinson Island there is again only an effect
of zonewith the decomposition rate constant of reference litter incubat-
ed in the dwarf zone being notably lower as compared to the other
zones.
3.3. Nutrient dynamics during decomposition

The absolute amounts of N and P in the decomposing material
(i.e. plant litter plus attached microorganisms) in the course of the
decomposition process are shown in Figs. 4 and 5 for Twin Cays
and North Hutchinson Island, respectively. Microbial growth and at-
tachment of soil particles led in some cases to an initial increase in
weight so that some data points shownegativeweight loss. Fertilisation
treatments are plotted separately, and the significance of those effects is
given in Table 4. Note that the fertilisation effects depicted in Figs. 4 and
5 do not include the effects of zonation so that a considerable amount of
datapoints fall outside the 95% confidence interval. Between the NL, CS,
and CL experiments, overall patterns of N and P dynamics during
decomposition are quite similar, whereas the observed patterns are
clearly distinct among both locations. On Twin Cays, the absolute
amount of N increases during the initial phase of decomposition until
almost half of the initial litter weight is lost (Fig. 4). At this point, 25
to 50% of the N in the litter results from net immobilisation (i.e. the
binding of external N in microbial biomass). After this immobilisation
phase, the N amounts start to decrease. Phosphorus amounts do not
increase, but stay more or less constant except for a slight decline
after the start of N decrease.
On North Hutchinson Island, there is generally a much less pro-
nounced increase in N content during the initial decomposition phase,
but its decline starts around the same stage of proportional weight
loss as on Twin Cays. Phosphorus is initially mineralised rapidly on
North Hutchinson Island, but this is followed by a net immobilisation
phase relatively late in the decomposition process after about one-
third of the initial mass is lost. When about half the initial litter mass
is lost, both P and N amounts start to decrease (Fig. 5).

Within each location, there is little difference in the pattern of
immobilisation and mineralisation between fertilisation treatments
(Figs. 3 and 4, Table 4). In fact, therewas only one instance where nutri-
ent dynamics during decomposition significantly deviated between
fertilisation treatments: In the CL experiment on North Hutchinson
Island both fertilisation treatments showed smaller initial loss of P as
compared to the control treatment.

4. Discussion

While the two study area (Twin Cays in Belize andNorthHutchinson
Island in Florida) differed fundamentally in soil type, climatic condi-
tions, and hydrology, we still found comparable effects of within-
stand zonation on decomposition rates at both locations. We expected
that these differences in decomposition rate among zones were driven
by nutrient availability, based on results from a belowground decompo-
sition experiment (Feller et al., 2002). This was not confirmed by our re-
sults, however. The effects of zonation were not modified by nutrient
treatments at either Twin Cays or at North Hutchinson. This clearly
shows that decomposition rates across within-stand zonation are
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Fig. 5.Absolute amount of nitrogen (N) and phosphorus (P) (mmol) against relativemass loss ofmangrove leaf litter during decomposition in litter bags onNorth Hutchinson Island, Flor-
ida, USA. Litter from the treatment sites was incubated in its original location (Native Litter— NL), in a reference location (Common Site— CS), or litter from a reference location was in-
cubated in the treatment sites (Common Litter— CL); see Table 1. Lines and shaded areas are splined fits with 95 confidence intervals of the non-parametric term in a model with linear
effects of nutrient treatments and zonation. R2 indicates the goodness of fit.

Table 4
Spline fitting results of a GAMM model describing the amounts of nitrogen and phosphorus in mangrove leaf litter during the decomposition process. The fitted model consists of para-
metric terms for fertilisation treatment, and non-parametric cubic splined smoothing terms, describing the change of absolute nitrogen and phosphorus amounts during the decomposi-
tion process.Within the smoothing terms, an overall relation, and deviations for each treatmentwerefitted: Control, N and P-fertilised. For each line the estimated degrees of freedom, the
F-value and p-level are shown. Separate models were fitted for each combination of experimental setup (Native Litter, Common Site and Common Litter) and location (Twin Cays, Belize
(TC) and Hutchinson, Florida, USA (HI)). Symbols denote significance levels (***p b 0.001, **p b 0.01, *p b 0.05).

Term Native litter Common site Common litter

Df F p Df F p Df F p

TC Nitrogen N 1.00 0.12 1.00 1.90 1.00 2.20
P 1.00 12.33 *** 1.00 9.22 * 1.00 0.00
Mass loss 3.32 39.85 *** 3.30 29.41 *** 3.69 45.37 ***
C:mass loss 1.00 0.00 1.00 0.05 1.00 0.00
N:mass loss 1.00 0.02 1.00 0.05 1.00 0.00
P:mass loss 1.00 0.02 1.00 0.02 1.20 0.01

Phosphate N 1.00 17.41 *** 1.00 20.84 *** 1.00 0.34
P 1.00 41.73 *** 1.00 97.56 *** 1.00 19.25 ***
Mass loss 2.39 8.81 *** 3.11 14.17 *** 3.65 9.93 ***
C:mass loss 1.00 0.00 1.00 0.35 1.01 0.02
N:mass loss 1.00 0.07 2.1 0.21 1.69 0.30
P:mass loss 2.19 2.00 1.00 1.33 1.73 0.55

HI Nitrogen N 1.00 7.71 ** 1.00 1.34 1.00 1.88
P 1.00 6.66 * 1.00 0.59 1.00 0.01
Mass loss 2.79 18.26 *** 3.41 66.95 *** 3.54 120.45 ***
C:mass loss 2.08 1.39 2.07 2.16 1.75 0.31
N:mass loss 1.00 0.48 1.00 0.55 1.00 0.32
P:mass loss 1.00 0.22 3.66 1.44 2.71 1.18

Phosphate N 1.00 0.76 1.00 0.05 1.00 7.37 **
P 1.00 0.86 1.00 0.04 1.00 0.14
Mass loss 4.25 22.76 *** 4.06 4.22 * 4.46 38.41 ***
C:mass loss 1.00 0.05 1.07 0.26 3.03 2.75 *
N:mass loss 1.00 0.06 1.06 0.28 1.00 0.17
P:mass loss 1.00 0.07 1.08 0.32 1.00 0.21
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mainly determined by factors other than nutrient availability, e.g. envi-
ronmental factors such as hydrology, soil texture and temperature and
species identity (with R. mangle litter decomposing slower than
A. germinans litter).

The direct effects of nutrient amendments on decomposer nutrient
limitations can be deduced from the nutrient content of the litter–
decomposer complex during the decomposition process. These changes
are brought about bymicrobial growth and the associated requirements
for nutrient and/or energy: A nutrient in excess is promptly leached
from this complex (mineralisation), whereas nutrients limiting decom-
posers are kept in the complex, or even absorbed from the environment
(immobilisation) (Manzoni et al., 2008). These patterns generally show
a shift from nutrient limitation, where nutrients are immobilised, to a
phase of energy limitation, where nutrients are mineralised (Manzoni
et al., 2008). Hence, a higher immobilisation rate and an earlier onset
ofmineralisation is expected if more nutrients are available. To facilitate
comparability between nutrient dynamics of litter with different
decomposition rates, we have expressed the N and P content of the
litter–decomposer complex as a function of mass loss, rather than as a
function of time.

To our surprise, the location (Twin Cays or North Hutchinson Island)
where decomposition took place was a much better predictor of the
observed mineralisation and immobilisation patterns than fertilisation
treatment. On Twin Cays, decomposition started with a clear immobili-
sation phase of N where N content doubled as a result of N uptake from
the environment. Although such a buildup of N is fairly common, the in-
crease in N was rather extreme as compared to other ecosystems
(Parton et al., 2007), presumably because of the N-binding capacity of
mangrove derived tannins (Kraus et al., 2003), rendering part of the
litter-bound N unavailable to microorganisms. The consistent initial
build-up of N (and not P) on Twin Cays clearly shows that here N is
limiting microbial decomposition, despite the P limitation for primary
production on large parts of the island. This is consistentwith theN-lim-
itation of the soil microbial community on this location (Keuskamp et
al., 2015).

On North Hutchinson Island, N was initially retained in the litter
while P was immobilised from the environment somewhat later in the
decomposition process. Again, this pattern was rather consistent
between fertilisation treatments and even mangrove species. The
contrasting immobilisation/mineralisation patterns between locations
and the insensitivity to fertilisation treatments must have been due to
between-location differences in key environmental variables such as
soil texture and hydrology. The P buildup in North Hutchinson Island
for example was accompanied by an increase in litter iron (Fe) content
(data not shown). This suggests that a chemical rather than a biological
process has driven this late immobilisation of P. The sites at North
Hutchinson Island are irregularly flooded, resulting in dissolution of
Fe–P complexes under release of soluble P (Krom and Berner, 1980).
The released Pmay have been absorbed to hydrous ferric oxide particles
on the litter (Lucotte and D'Anglejan, 1983) with loweringwater tables.

Despite its strong influence on initial litter N concentration, N
enrichment did not affect litter decomposition rates at either of the
locations. This result is striking, as litter-mediated effects of N enrich-
ment have commonly been found to increase decomposition rates in
mangroves (Mfilinge et al., 2002; Kristensen et al., 2008). Litter initial
N concentration and lignin:N ratios have often been proposed as
major factors controlling decomposability of litter (Melillo et al.,
1982; Prescott, 2010). In our study, we did not find these relations.
P fertilisation of trees which had been P-limited, however, led to a
high increase in decomposition rate of leaf litter produced by these
trees. This litter, incidentally, had the lowest nitrogen concentrations.
P is generally reported to have little effect on decomposition, although
similar increases of decomposition by P-enrichment have been report-
ed in a P-limited freshwater wetland (Rejmánková and Houdková,
2006). Based on this and our own result we hypothesise that the effects
of nutrient enrichment dependonwhether the amended nutrient limits
primary production. The predominance of N limitation in terrestrial
ecosystems then would lead to a bias towards observing strong N
effects on decomposition rates.

The increased decomposition rates of leaf litter from P-fertilised
trees which had been P-limited either results from a higher P content
or from a lower fraction of recalcitrant compounds in response to
alleviation of a limiting nutrient (Waring et al., 1985; Entry et al.,
1998; Kraus et al., 2004). The fact that P enrichment of P-limited sites
did not increase decomposition rates of reference litter, while litter
originating from these sites decomposed faster in otherwise N-limited
reference locations points to the latter. Because P was not limiting
decomposition and the N-content of the leaf litter was lower than in
the control treatments, the increase in decomposition rate must have
resulted from a change in litter recalcitrance, induced by alleviation of
the P limitation of the tree that the litter originated from. A similar effect
on litter recalcitrance has beendescribed in Sphagnumwere increasedN
availability has been shown to lead to a reduced polyphenol content
(Bragazza and Freeman, 2007), which then accelerated decay. In case
of ourmangroves, increased availability of a nutrient limitingmangrove
growth could have decreased the litter tannin content, which then
stimulated decay.

Summarising, we can conclude that the effects of nutrient enrich-
ment on mangrove litter decomposition were primarily mediated by
changes in litter quality, whereas direct effects of N and P enrichment
on decomposition are rather small. Nutrient limitations for primary
production and litter decomposition are not necessarily the same, as
decomposers were always N-limited, even in our study area where
mangrove growth was P-limited. In such cases of differential nutrient
limitation, N amendment did, however, not lead to a massive increase
in decomposition upon amendment of N. Instead, P amendment did
stimulate growth aswell as decomposition. Our results show no indica-
tions that anthropogenic nutrient inputs significantly decrease carbon
sequestration from mangrove litter.
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