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Abstract
Background and Aims Mangrove forests are globally im-
portant sites of carbon burial that are increasingly exposed
to nutrient pollution. Here we assessed the response of soil
respiration, an important component of forest carbon
budgets, to nutrient enrichment over a wide range of
mangrove forests.
Methods We assessed the response of soil respiration to
nutrient enrichment using fertilization experiments
within 22 mangrove forests over ten sites. We used
boosted regression tree (BRT) models to determine the
importance of environmental and plant factors for soil
respiration and its responsiveness to fertilizer
treatments.
Results Leaf area index explained the largest proportion
of variation in soil respiration rates (LAI, 45.9 %)
followed by those of site, which had a relative influence

of 39.9 % in the BRT model. Nutrient enrichment en-
hanced soil respiration only in nine out of 22 forests.
Soil respiration in scrub forests showed a positive re-
sponse to nutrient addition more frequently than taller
fringing forests. The response of soil respiration to nu-
trient enrichment varied with changes in specific leaf
area (SLA) and stem extension, with relative influences
of 14.4 %, 13.6 % in the BRT model respectively.
Conclusions Soil respiration in mangroves varied with
LAI, but other site specific factors also influenced soil
respiration and its response to nutrient enrichment.
Strong enhancements in aboveground growth but mod-
erate increases in soil respiration with nutrient enrich-
ment indicated that nutrient enrichment of mangrove
forests has likely increased net ecosystem production.

Keywords Soil CO2 efflux . Nitrogen . Phosphorus .

Avicennia . Rhizophora . Growth . Salinity . Carbon
cycling

Introduction

CO2 efflux from soils is an important component of the
carbon budget of terrestrial ecosystems and the atmo-
spheric global carbon balance (Schlesinger and
Andrews 2000). Despite their low coverage compared
to terrestrial forests (~1 150 000 km2 compared to
~43 000 000 km2), coastal wetland ecosystems
influence global carbon budgets because of their
high productivity and the high carbon (C) stocks
contained in wetland soils (Mcleod et al. 2011). In
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the tropics and subtropics, intertidal wetlands are
dominated by mangrove forests, which perform
vital ecosystem services for human communities,
including habitat for fisheries species and physical
protection for coasts (Alongi 2009). They support
food webs in the coastal oceans by providing an
estimated 25 % of the C that enters these zones
(Bouillon et al. 2008; Kristensen et al. 2008a;
Breithaupt et al. 2012). Mangroves also mitigate
the effects of nutrient pollution (Valiela and Cole
2002) and sequester high levels of C in their soils
(Duarte et al. 2005; Donato et al. 2011).

The contribution of wetland ecosystems to global C
exchanges and the factors that influence CO2 emissions
from wetland soils are poorly understood, particularly
for the tropics (Raich and Schlesinger 1992; Grace and
Rayment 2000). Soil respiration in forests increases with
aboveground net primary production (ANPP), reflecting
the importance of plant productivity and allocation to
roots, root-microbial symbionts and exudates in deter-
mining soil respiration (Raich and Nadelhoffer 1989;
Ruess et al. 2003; Tang et al. 2005). In forested ecosys-
tems, nutrient enrichment has been observed to influ-
ence soil respiration, although the direction of change is
variable. Soil respiration after nutrient enrichment has
been observed in some cases to increase or increase
initially and then return to pre-fertilization levels (e.g.
Nui et al. 2009; Fang et al. 2012). In other cases de-
creases have been observed (e.g. Butnor et al. 2003;
Giardina et al. 2004; Janssens et al. 2010).

Nutrient enrichment is a pervasive threat to marine
ecosystems because of the high and inefficient use of
fertilizers in agriculture and other human land-uses that
result in transport of nitrogen (N) and phosphorus (P) to
marine environments (Carpenter et al. 1998; Alongi
2002). As nutrient enrichment often increases plant
growth, we might also expect that root growth may also
increase (Brouwer 1962; Cannell and Dewar 1994;
Raich 1998), which could result in increases in root
respiration and thus soil respiration. However, this
may be offset by reduced investment in roots as resource
levels increase (McConnaughay and Coleman 1999;
Litton et al. 2007). Experimental fertilization of man-
groves has enhanced aboveground growth across a wide
range of forest sites (e.g., Lovelock et al. 2007a), but has
also been observed to enhance mortality during periods
of drought and high soil salinity, possibly due to a
reduced proportional investment in roots in fertilized
trees (Lovelock et al. 2009).

Enhanced microbial respiration may also be support-
ed by nutrient enrichment (Gulis and Suberkropp 2003:
Mack et al. 2004), although reduced microbial decom-
position of leaf litter (Agren et al. 2001; Fisk and Fahey
2001) and reductions in soil carbon mineralization in
mangrove soil cores (Keuskamp et al. 2013) has also
been observed with fertilization. Observations in pine
forests indicated that soil respiration decreased with
nutrient enrichment despite enhanced growth because
relative allocation to roots declined (Butnor et al. 2003).
The global consequences of adjustments in allocation to
roots and soil respiration is that N deposition is proposed
to be responsible for increases in net ecosystem produc-
tion because of concurrent increases in photosynthetic C
gain and reductions in soil respiration associated with
reduced partitioning of GPP to roots and mycorrhizae
(Magnani et al. 2007).

In mangrove forests, soil respiration is low compared
to many tropical forests, due to a combination of anaer-
obic conditions, low root respiration rates and low den-
sity of live roots (Lovelock 2008). Mangrove soil respi-
ration depends on intertidal position, the productivity of
the forest and the presence of structures like crab burrow
and pneumatophores that that alter biogeochemical pro-
cesses and facilitate fluxes from soils (Alongi 2008;
Lovelock 2008; Poungparna et al. 2009; Kristensen
et al. 2008b, 2011). Soil respiration in low stature, high
intertidal scrub mangrove forests can be proportionally
higher than is expected from aboveground biomass
(Lovelock 2008), possibly due to the enhanced demands
for energy by roots under saline and nutrient-limited
conditions (Jacoby et al. 2011). In mangrove trees,
variation in salinity leads to variation in allocation to
roots (e.g. Ball 1988), although this effect can be rela-
tively small (Krauss et al. 2013). When nutrients are
added at high salinity, allocation to roots may be re-
duced (McKee 1995), which may potentially reduce
expected stimulation of soil respiration with nutrient
enrichment.

Leaf traits have been shown to strongly correlate with
whole plant growth, underlying the fundamental link-
ages among tissue level characteristics and whole plant
performance (Wright et al. 2004). Leaf traits can also
provide indications of ecosystem level properties
(Chapin 2003; De Deyn et al. 2008; Diaz et al. 2007).
Specific leaf area (SLA), or leaf area per mass, is often
positively correlated with mass-based photosynthetic
rates (Wright et al. 2004), net primary productivity
(Klumpp and Soussana 2009) and leaf nutrient
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concentrations, thus is sensitive to variation in soil nu-
trient availability (Feller et al. 2007; Wright et al. 2001).
Given the strong coupling of soil respiration to ANPP
over a range of forested systems (Rustad et al. 2000),
including mangroves (Lovelock 2008), and the strong
relationship between leaf traits and both ANPP
(Klumpp and Soussana 2009) and root traits (Craine
et al. 2005), we anticipate that variation in soil respira-
tion may also be linked to leaf level traits in mangroves.

Using fertilization experiments over a wide range of
mangrove forests, we assessed the relationship between
soil respiration and aboveground responses to experi-
mental nutrient enrichment. We evaluated whether the
effect of nutrient enrichment on soil respiration was
influenced by soil salinity and other environmental pa-
rameters that varied over sites. In order to establish links
between above- and belowground processes in man-
groves we also assessed relationships among the respon-
siveness of soil respiration and leaf traits to nutrient
enrichment.

Materials and methods

Site descriptions

This study was conducted using ten mangrove forest
sites that were comprised of forests of different stature
and species composition (Table 1). Three sites were
from the Caribbean, five sites from Australia and two
sites from New Zealand. Variation in forest stature and
species composition over sites gave rise to a data set
comprising 22 forests. In one of these forests (near
Townsville, Queensland, Australia) two species where
included in the study. Sites were chosen to span latitu-
dinal, climatic and salinity gradients in the Australasian
and Eastern American biogeographic regions (Duke
et al. 1998). Sites range from latitude 37 °S to 27 °N,
vary in average minimum temperatures from 11 to
27 °C, and maximum temperatures from 19 to 32 °C.
Sites also span a large variation in average annual rain-
fall from 300 mm in Exmouth to over 3,000 mm in
Bocas del Toro, Panamá. Many of the sites were com-
prised of forests of different stature which were domi-
nated by species within the Rhizophoraceae and
Avicenniaceae families. Tidal range was microtidal in
the Caribbean sites (approximately 0.5 to 1 m) and
meso-tidal in the Australian and New Zealand sites
(1.6 to 2.4 m). Soils also varied over sites, from fine

silts in New Zealand, Port Douglas and Cape Cleveland;
sand in scrub forest in Florida to highly organic soils
(mangrove peat) that are >60 % organic matter in Twin
Cays, Belize and Bocas del Toro, Panamá.

Complete site descriptions have been previously pub-
lished for Belize (Feller et al. 2003; McKee et al. 2002),
Florida (Feller et al. 2003), and Bocas del Toro
(Lovelock et al. 2004; Lovelock et al. 2006a)., The site
in Hinchinbrook Channel is on the landward edge of the
channel 25 km south of the town of Cardwell. There is a
narrow fringing forest of Rhizophora x lamarckii grow-
ing on highly organic soils adjacent to a scrub forest of
Ceriops australis growing on coarse sand. A description
of the mangroves of the Hinchinbrook Channel can be
found in Robertson et al. (1992) and Clough (1998). In
the north west of Western Australia, one site was situat-
ed in Mangrove Bay on the western side of the North
West Cape. A general site description for Mangrove Bay
is available in Alongi et al. (2003). Another site was
situated in Giralia Bay on the eastern side of the
Exmouth Gulf which is described in Lovelock et al.
(2011). The mangrove forests in Mangrove Bay and
Giralia Bays are dominated by Avicennia marina. In
Mangrove Bay the study site was in a patch of small
(<1.5 m tall) trees, while in Giralia Bay, taller fringing
(3–5 m) and shorter landward stands (<2 m) were stud-
ied. The Exmouth region (including Giralia) is arid
(<300 mm rainfall per year). Two sites from New
Zealand were studied, both having monospecific stands
of A. marina (Lovelock et al. 2007b). Waikopua is close
to the city of Auckland. The site is muddy due to high
rates of sediment deposition originating from clearing
and agricultural land use in the adjacent terrestrial eco-
system. A full site description ofWaikopua can be found
in Ellis et al. (2004). The second site in New Zealand
was situated in the Whangapoua estuary. This site is not
heavily impacted by sedimentation and soils are coarse
to fine sands. A general site description can be found in
Schwarz (2004).

Fertilization experiments

Fertilized trees in each forest zone were arranged paral-
lel to the shoreline and at sufficient distance from each
other to minimize interactions among treatments (5–
20 m depending on tree height). Experimental designs
were modified to suit sites (see site descriptions above).
At Port Douglas, Exmouth, Townsvil le and
A.germinans forest in Belize, treatments were assigned
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randomly to trees, while at all other sites we used a
randomized block design. Trees were fertilized by
inserting fertilizer into two 30 cm deep holes cored on
either side of the tree (Feller 1995). Nitrogen fertilizer
was applied as urea at a rate of 400–600 g N/tree, and
phosphorus (P) was applied at a rate of 400–600 g P/tree
as triple super phosphate. The Belize and Florida sites
were fertilized every 6 months but other sites were
fertilized annually from when they were first fertilized
(Table 1). Rates of application of fertilizer were based on
rates applied to horticultural fruit trees and were as-
sumed to be in excess of tree requirements (Feller 1995).

Soil respiration

Soil respiration wasmeasured during a morning low tide
during one campaign at each site using a LiCor 6400
portable photosynthesis system configured with the
LiCor Soil Respiration chamber (LiCor Corp, Lincoln,
NE, USA) in which measurements are made in dark-
ness. To avoid any short term effects of fertilization, all
soil respiration measurement campaigns were conduct-
ed more than 2 years after the experiment was started
and always at least 6 months after the annual or biannual
fertilizer applications. The soil chamber was deployed

Table 1 Soil respiration (mean±standard error, N=6–12)
expressed in μmol CO2 m

−2 s−1 in unfertilized control, nitrogen
(N) and phosphorus (P) fertilized trees over a range of mangrove
forest sites. The dominant mangrove tree species soil type (peat or
mineral soils), porewater salinity are provided and forests are
classified as fringing waterways (Fringe, height >2.5 m), forests

that transition between fringing and more landward scrub forests
(Trans, height 1.5–2.5 m), scrub forests (Scrub, height<2 m) or
forests adjacent to terrestrial forest (Land, height >2.5 m). Differ-
ent letters after the means indicate significant differences among
treatments (P<0.05)

Site (Latitude, year
experiment established)

Species Number
of
trees per
treatment

Soil
type

Salinity Forest
type

Soil respiration (μmol CO2 m
−2 s−1)

Unfertilized
Control

N fertilized P fertilized

Twin Cays, Belize
(16.8°N, 2001)

Avicennia germinans 8 Peat 50 Scrub 2.03±0.57a 2.08±0.36a 3.34±0.68b

Twin Cays, Belize
(16.8°N, 1995)

Rhizophora mangle 9 Peat 36 Scrub 1.10±0.35a 1.22±0.27a 2.94±0.40b

R. mangle 9 Peat 35 Fringe 1.95±0.42a 2.55±0.68a 2.20±0.34a

R. mangle 9 Peat 36 Trans 1.85±0.46a 2.70±0.81b 2.51±0.47b

Bocas del Toro, Panama
(9.8°N,1998)

R. mangle 12 Peat 33 Scrub 1.58±0.20a 0.98±0.14a 1.22±0.26a

R. mangle 12 Peat 35 Fringe 1.05±0.23a 1.38±0.30a 1.54±0.52a

R. mangle 12 Peat 19 Land 1.44±0.29a 1.49±0.44a 1.67±0.31a

R. mangle 12 Peat 33 Trans 1.24±0.20a 1.21±0.28a 0.80 ±0.22a

Fort Pierce, Florida
(27.6°N, 1997)

A. germinans 9 Mineral 55 Scrub 1.88±0.37a 1.87±0.24a 1.54±0.31a

R. mangle 9 Peat 40 Fringe 2.56±0.30a 3.88±0.91b 3.19±0.44ab

A. germinans 9 Mineral 41 Trans 2.05±0.23a 3.13±0.29b 1.55±0.14a

Townsville, Queensland
(19.2°S, 2001)

A. marina and Ceriops
australis

6 Mineral 68 Scrub 2.97±0.69a 2.99±0.42a 3.33±0.70a

Exmouth, Western Australia
(22.0°S, 2001)

A. marina 6 Mineral 62 Scrub 1.63±0.71a 1.38±0.21a 1.48±0.33a

Hinchinbrook Channel,
Queensland (18.3°S,
2001)

C. australis 9 Mineral 60 Scrub −0.25±0.03a −0.25±0.07a −0.58±0.10b
Rhizophora x lamarkii 9 Peat 35 Fringe 0.39±0.07a 0.50±0.08a 0.68±0.26a

Port Douglas, Queensland
(16.5°S, 2001)

A. marina 8 Mineral 75 Scrub 0.22±0.11a 0.08±0.06b −0.05±0.07b

Giralia, Western Australia
(21.7°S, 2004)

A. marina 9 Mineral 69 Scrub 0.54±0.13a 1.17±0.54b 0.67±0.25a

A. marina 9 Mineral 59 Fringe 2.55±0.57a 1.76±0.47a 2.13±0.24a

Whangapoua, New Zealand
(36.8°S, 2003)

A. marina 9 Mineral 20 Scrub 1.12±0.41a 1.21±0.22a 0.84±0.26a

A. marina 9 Mineral 34 Fringe 0.85±0.21a 0.93±0.35a 0.73±0.05a

Waikopua, New Zealand
(36.9°S, 2001)

A. marina 9 Mineral 38 Scrub 1.93±0.39a 2.38±0.23b 1.86±0.28a

A. marina 9 Mineral 30 Fringe 1.49±0.39a 1.30±0.29a 1.31±0.28a
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within a meter of the trunk of each fertilized tree. The
chamber was set to penetrate 0.5 cm into the soil to
avoid damaging surface roots, but was sufficient to seal
the chamber. There were no herbaceous plants within
the chamber at any of the sites. Surface microbial films
and leaf litter were not removed prior to measurements
and large crab burrows and pneumatophores were
avoided. Settings for measurement were determined at
each site following the procedure described by the man-
ufacturer (three cycles). In some instances soils were
absorbing CO2. In these cases, data were manually
logged at 2 min intervals for three cycles, and flux
calculated manually following the equations in the man-
ufacturer’s manual. Soil temperature was measured at
2 cm depth simultaneously with soil respiration. At each
site and forest zone/species within sites mean soil respi-
ration for each treatment (6–9 replicate trees) were cal-
culated to give a total of 69 means. A response ratio of
the mean of N or P fertilized treatments over the mean of
controls was also calculated.

Environmental and plant characteristics

In order to investigate the factors that influence soil
respiration and the response to fertilizer over all the
forests in our study, a range of additional variables were
collated partly from this study and previous studies. We
included biogeographic region (Australasia or Eastern
America), latitude, rainfall, maximum and minimum air
temperature, plant species and family, tree stature (either
taller forest or scrub), a range of plant and leaf variables,
and the mean salinity of porewater. Porewater was ex-
tracted in this study using a suction device (McKee
et al. 1988) and measured using a handheld refractom-
eter. We used the mean values for control, N and P
fertilized trees at each of the 22 forests (69 values,
including the second species at the Townsville site) and
the response ratio to fertilization (mean of N or P fertil-
ized treatments over control values, 44 values). Tree
growth responses to fertilization treatments were
assessed as changes in linear stem extension rates
2 years following the start of the fertilization treatments
(Lovelock et al. 2007a). Briefly, stem extension was
monitored in 5 terminal, sun lit, twigs per tree which
were averaged to provide a measure of tree growth for
each replicate tree. Leaf area index (LAI) was assessed
using hemispherical photography (Nikon Coolpix digi-
tal camera fitted with a fisheye lens (model 995, Nikon,
Tokyo, Japan) either on cloudy days or early in the

morning. Images were processed using the computer
program Hemiview Canopy Analysis Software (version
2.1, Delta-T Devices Ltd., Cambridge, United King-
dom). Specific leaf area (SLA) and concentrations of
leaf N and P were assessed in three sun lit fully expand-
ed leaves for each tree at least 2 years after the onset of
the fertilization experiments. Leaves were dried at 60 °C
and ground before analysis of P by inductively coupled
plasma spectroscopy and for N by combustion (Exeter
CE-440 elemental analyzer, Exeter Analytical Inc.,
North Chelmsford, MA, USA) at the Smithsonian En-
vironmental Research Center. Measurements of leaf
photosynthetic carbon gain were made on cloudless
mornings with a portable gas exchange system (LiCor
6400, LiCor Corp., Lincoln, NE, USA). At the site on
Twin Cays, Belize values of annual root production
(McKee et al. 2007) and root respiration (Lovelock
et al. 2006a) were also collated.

Data analysis

Within each site the effects of fertilization treatments on
soil respiration was assessed using analysis of variance
(ANOVA) where fertilizer treatment and forest zone
were fixed effects in the model (Supplementary material
Table S1). Where there was only one forest zone (e.g.
Exmouth, Port Douglas, Townsville), a one way
ANOVA was used. Differences between treatment
means were assessed using least significant difference
tests. Mean soil respiration values for fertilization treat-
ments within forest zones at each site, and the response
ratio of soil respiration with fertilization were then used
for further analyses (see below). We chose this approach
because our investigation focussed on identifying fac-
tors that influenced soil respiration and the response of
soil respiration to nutrient enrichment over all sites.

To assess whether enhancements in soil respiration
with fertilization (fertilized/control values were greater
than 1) were similarly frequent in tall (fringe and land-
ward forests) verses smaller forests (scrub and transi-
tion) we used a Chi squared test. To assess the influence
of our explanatory variables on mean soil respiration
and the response ratio with fertilization we used boosted
regression trees (BRT) (Elith et al. 2008). Since BRT
models can incorporate both continuous and discrete
explanatory variables, there is no need for prior data
transformation or elimination of outliers, and they can fit
complex nonlinear relationships (Elith et al. 2008). BRT
modelling was done with R v3.0 using R packages
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dismo and gbm (Ridgeway 2006). The BRT fit was
tested using a 10 fold cross validation. For mean soil
respiration our boosted regression tree model contained
18 variables for 69 observations using tree complexity
of 5 and learning rate of 0.01. For the analysis of the
response ratio of soil respiration with fertilization (i.e.
treatment/control), we simplified the predictor set by
removing non-informative predictors using backward
selection and fitted a model that contained 13 predictors
for 44 observations with a tree complexity of 5 and
learning rate of 0.005.Where our BRTmodels indicated
high importance of particular variables we plotted the
partial dependence of the BRT fitted function on the
particular variable in order to visualize the relationships.
Partial dependence plots are tools for visualising the
marginal effect of each variable on the model outcome
(Hastie et al. 2001). All partial dependence plots are
centred at zero.

We fitted linear regression models to describe the
relationships using SigmaPlot 12.0 (Systat Software
Inc., San Jose, CA, USA). Mean stem extension was
log transformed to meet the homogeneity of variance
criteria for linear models. We used linear regression to
assess the relationship between soil respiration, root
growth and potential root respiration for our site in
Belize. Potential root respiration was calculated as the
product of the mean annual root production, which is a
low estimate for total live root biomass in the soil (as
root mortality rates are low,McKee et al. 2007), and root
respiration per gram of root tissue from Lovelock et al.
(2006b).

Results

Fertilization of mangroves with N or P had variable
effects on soil respiration across sites and forest zones
(Table 1). In eight out of 14 sites of the lower stature
forests (transition and scrub forest), fertilization signifi-
cantly increased soil respiration, while in the taller
fringing and landward forests, only one of the eight
forests showed enhancements in soil respiration with
fertilization (in Florida) (χ2=4.197, p=0.0405).
Fertilisation did not significantly decrease soil respira-
tion in any of the taller forests, although it did signifi-
cantly reduce soil respiration at the scrub forest in Port
Douglas (Table 1). Of the nine forests where there was a
response of soil respiration to fertilizer applications, six
responded to N and six to P fertilizer, with three forests

responding to the addition of both N and P fertilizer
(Belize, transition; Florida, fringe; and Port Douglas,
scrub).

Our BRT model indicated that LAI was the most
important factor, contributing 45.9 % to the model for
variation in soil respiration (Table 2, Fig. 1). Soil respi-
ration was linearly related to LAI, with a slope of 0.81
(Fig. 2). The next important factor was “site” (Fig. 1a),
which contributed 32.4 % to the model. Other variables
contributed less than 5 % to the model (Table 2). Stem
extension had a relative importance of 4.16 %; soil
respiration increased with increasing stem extension
rates, particularly when growth rates are low (Fig. 1e).
Leaf %P contributed 3.35 % to the model and the fitted
function indicates an abrupt decrease in soil respiration
when leaf %P was >0.12 % (Fig. 1c). The BRT fitted
function indicated a maximum responsiveness of soil
respiration at Leaf N:P ratio of approximately 30
(Fig. 1d). The fitted function of soil respiration over
variation in porewater salinity (which has an influence
of 3.3 % on soil respiration rates) indicates high soil

Table 2 The summary of the relative contributions (%) of predic-
tor variables for a boosted regression treemodel for soil respiration
(μmol CO2 m

−2 s−1) developed with cross validation on data from
69 observations using tree complexity of 5 and learning rate of
0.01. The estimated cv deviance was 0.188 with a standard
error of 0.04

Variable % contribution

LAI 45.9

Site 32.4

Stem extension 4.16

Leaf %P 3.35

Salinity 3.17

Leaf N:P ratio 2.45

SLA 1.91

Leaf %N 1.64

Tree stature 1.29

Leaf photosynthetic rate 1.25

Species 0.76

Nutrient treatment 0.52

Rainfall 0.52

Family 0.33

Mean minimum temperature 0.18

Latitude (Abs) 0.08

Mean maximum temperature 0.06

Region (AEP, IWP) 0.03
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respiration at moderate porewater salinity (between 20
and 50 ppt) that declines at higher porewater salinities
(>60 ppt, Fig. 1f).

The BRT model for the response ratio of soil respi-
ration to fertilization also found a strong influence of site
(39.6 %) (Table 3, Fig. 3). The response ratios were also
influenced by changes in SLA (14.4 %) and changes in
stem extension rates (13.6 %, Table 3). The soil respi-
ration response ratio and the response ratio for SLAwere
linearly related (Fig. 4). However, the mean proportion-
al change in soil respiration with fertilization was 1.26±
0.13 while proportional change in the log transformed
stem extension over the same sites and treatments was
6.38±1.96 indicating that nutrient enrichment affects
stem extension far more than soil respiration (Fig. 5).

The response ratio of soil respiration increased with
the response ratio of Leaf %N, %P, N:P ratio and LAI,

Fig. 1 Partial dependence plots for the six most important factors
in the boosted regression tree model showing their affect on soil
respiration. Plots are arranged in decreasing order of importance of
the factors in the model. a Leaf area index (LAI); b Site c Stem

Extension d Leaf %P; e Porewater salinity (PSU) and f Leaf N:P
atomic ratio. The relative importance of each variable is given in
parenthesis. Y-axes are on the logit scale and fitted functions are
centered by subtracting their mean

Leaf area index
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Fig. 2 The relationship between soil respiration and leaf area
index over a range of mangrove forests. Trees were fertilized with
nitrogen (black), phosphorus (grey) orwere unfertilized controls (open
symbols). The regression is of the form Y=0.741+0.814 * X, R2=
0.229, P=0.0001. Dashed lines are the 95 % confidence intervals
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although relationships are non-linear (Fig. 3d-g). The
responsiveness of soil respiration to fertilization,
declines with increasing salinity (Fig. 3h) and was
higher in Rhizophora dominated sites compared to
Avicennia dominated sites (Fig. 3i), although salinity
and plant family only contributed 3 % to the BRT
model.

Root growth (McKee et al. 2007) and root respiration
(Lovelock et al. 2006b) in Belize have been assessed,
which allow investigation of the role of these factors in
influencing soil respiration at this site. Soil respiration
was positively related with annual root growth (Fig. 6a,
R2=0.66, P=0.0075). The potential contribution of root
respiration to soil respiration, calculated as the product
of root growth per year and respiration of root biomass,
and the measured soil respiration was highly correlated
(Fig. 6b, slope 0.641±0.083, R2=0.92, P=0.0015) and
with a slope significantly different from one (t ratio=
11.44, P=0.0003), indicating root respiration could ac-
count for all of the soil respiration measured at this site
and that soil respiration is less than the expected CO2

efflux associated with root respiration. We also assessed
the relationships among root respiration and SLA. Var-
iation in root respiration was correlated with variation in
SLA (Fig. 6c, R2=0.681; P=0.041).

Discussion

We found that fertilization with N or P enhanced soil
respiration in nine of the 22 mangrove forests (from ten
sites). Most enhancements were observed in low stature
forests (8 of 14) rather than in taller and more productive
fringing forests (1 of 8), which showed little response of
soil respiration to fertilization (Table 1). The higher
proportion of scrub forests that had enhanced soil respi-
ration with fertilization may be an indication of nutrient
limitation in many of these habitats, reflecting their
hydrological isolation due to low rates of tidal inunda-
tion and isolation from both terrestrial and marine inputs
(Adame et al. 2012). Extremely low nutrient availability
limits fundamental metabolic functions and thus man-
grove plant growth and forest stature (Feller et al. 2002;
Cheeseman and Lovelock 2004; Lovelock et al. 2006a;
McKee et al. 2007). In these cases, relief from nutrient
limitation results in enhanced aboveground growth and
canopy development (LAI), which contributed 46 % to
our BRT model of the influence on soil respiration.
Correlation among LAI and soil respiration in man-
groves have previously been observed (Lovelock
2008) and reflects the strong links between ANPP and
soil respiration observed for mangrove forests (Alongi
2008; Lovelock 2008; Poungparna et al. 2009) and other
forest ecosystems (Rustad et al. 2000).

Variation among sites contributed 32 % to both the
BRT model for soil respiration the soil respiration re-
sponse ratio model (Tables 2 and 3). Thus, unmeasured
parameters associated with different sites clearly had a
large influence over soil respiration and its responsive-
ness to nutrient enrichment. Factors that were not con-
sidered in our BRT models and are likely to influence
soil respiration include the structure and composition of
soils and variation in tidal inundation regimes, which are
a function of tidal range and position in the intertidal
zone and biotic factors (e.g. crab burrows and pneumat-
ophores) (Kristensen et al. 2011). The characteristics of
soils (e.g. bulk density, porosity, organic matter quality
and concentration, elemental composition and redox
potential) can influence soil respiration through effects
on root growth, structure and microbial metabolism
(Rustad et al. 2000; Raich and Tufekcioglu 2000). Ad-
ditionally, the presence of microphytobenthos can re-
duce the sediment surface–air exchange (Lovelock
2008; Alongi et al. 2012) which can result in underesti-
mates of soil respiration. The intensity and frequency of
inundation in conjunction with characteristics of soil

Variable % contribution

Site 39.6

Specific leaf area response ratio 14.4

Stem extension response ratio 13.6

Leaf %N response ratio 11.0

N:P ratio response ratio 5.61

Leaf %P response ratio 4.82

LAI response ratio 3.71

Salinity 3.40

Family 3.03

Treatment 0.30

Minimum temperature 0.25

Rainfall 0.20

Maximum temperature 0.09
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Table 3 The summary of the relative contributions (%) of
predictor variables for a boosted regression tree model for
the response of soil respiration to fertilization (response ratio
of treatment/control) developed with cross validation on data
from 44 observations using tree complexity of 5 and learning
rate of 0.005. The estimated cv deviance was 0.202 with a
standard error of 0.063



macropores influences the rate of soil porewater ex-
change with creek waters, which may influence the
export from the system (Kristensen et al. 2011; Alongi
et al. 2012; Maher et al. 2013). The influence of soil and
hydrological factors on soil respiration requires further
work as these factors are likely to exert strong influences
on carbon budgets of mangroves and contributions of
mangrove carbon to adjacent ecosystems.

At our site in Twin Cays, Belize, assessment of
annual root growth (McKee et al. 2007) and root respi-
ration (Lovelock et al. 2006a) allows investigation of the
underlying causes of variation in soil respiration. At this
site, soil respiration rates were positively correlated with

annual root accumulation and the calculated total root
respiration (product of root production and tissue respi-
ration) (Fig. 6), but soil respiration was 35 % lower than
CO2 efflux expected based on our calculations of po-
tential root respiration (Fig. 6, slope of 0.64 rather than
1). Moreover, our estimates of the amount of live roots
are probably underestimated because annual root mor-
tality was very low (McKee et al. 2007). In Florida, fine
to small roots had longevities of 1.7 to 4.4 years
(Castaneda-Moya et al. 2011), indicating that the abun-
dance of live roots may be higher than our estimates and
thus root respiration could be higher than our conserva-
tively estimated value. Additionally, microbial

Fig. 3 Partial dependence plots for the nine factors with a relative
importance of >3 % in the boosted regression tree model showing
their effect on the response ratio of soil respiration to fertilisation.
Plots are arranged in decreasing order of importance of the factors
in the model. a Site (AIMS–Townsville, QLD, Australia; BE–
Twin Cays, Belize; BO–Bocas del Toro, Panamá; EX–Exmouth,
WA, Australia; F–Indian River Lagoon, Florida, USA; GIR–
Giralia Bay, WA, Australia; HC–Hinchinbrook Channel, QLD,

Australia; PD–Port Douglas, QLD, Australia; WA–Waikopua,
New Zealand; WH–Whangapoua, New Zealand); b Response
ratio for specific leaf area; c Response ratio for stem extension;
d. Response ratio leaf %N; e. Response ratio leaf N:P ratio; f.
Response ratio leaf %P; g Response ratio LAI; h Porewater
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salinity; and I. Plant genus (A=Avicennia; R=Rhizophora). Y-axes
are on the logit scale and fitted functions are centered by
subtracting their mean



respiration of soils can be high (Kristensen et al. 2008a;
Kristensen et al. 2011; Alongi et al. 2012; Keuskamp
et al. 2013), but this was not considered in our calcula-
tions. Thus, at Twin Cays and at other sites it is likely
only a proportion of CO2 respired by roots and microbes
is measured at the soil-air interface and instead respired
CO2 maybe transported to air and water through pneu-
matophores and crab burrows (Kristensen et al. 2011)
and exported via creeks to coastal waters (Alongi et al.
2012). Approximately 30 % of fixed mangrove carbon
is predicted to be exported from the mangrove ecosys-
tem to coastal waters (Bouillon et al. 2008; Alongi 2009;
Breithaupt et al. 2012; Maher et al. 2013).

Because of the established links among leaf traits and
ecosystem properties that can provide proxies for eco-
system function (Chapin 2003), we also assessed the
linkages among leaf traits and soil respiration across our
sites. We found that the response ratio of SLA to fertil-
ization was the leaf trait that had the highest relative
influence in the BRT model on the variation in soil
respiration due to nutrient enrichment (Table 3). Foliar
P values also had a small but consistent association with
soil respiration. Soil respiration decreased when foliar P
levels exceeded 0.12 %, which could be attributed to a
reduced allocation to root biomass under nutrient replete
conditions. Other leaf nutrient characteristics (%N and
N:P ratio) also made small but collectively important
contributions to the BRT models (Tables 2 and 3). Soil
respiration has been linked with a range of leaf traits,

including leaf nutrient concentrations and photosynthet-
ic rates (Wright et al. 2004). SLA has also been linked to
structural changes in root systems in temperate trees,
with increasing SLA being correlated with increasing
specific root length (Witherington et al. 2006). Enhance-
ments in soil respiration with fertilization may be asso-
ciated with changes in root structure, as well as with
increases in root production and respiration (Fig. 6).
Although the mechanistic link between changes in
SLA and soil respiration are not clearly known, SLA
may provide an aboveground indication of changes in
the root system and its metabolism that influences soil
respiration and adds to the range of traits that are corre-
lated with variation in SLA.

Over all sites, enhancements in soil respiration with
fertilization were associated with enhancements in stem
extension, which contributed 13 % to our BRT model
(Table 3). However, while soil respiration across sites
was enhanced by approximately 25 % by fertilization,
growth was on average enhanced more than 6-fold.
Thus, aboveground growth was much more sensitive
to nutrient enrichment than those belowground, consis-
tent with reductions in biomass allocation to roots over
resource gradients (McConnaughay and Coleman 1999;
Litton et al. 2007). At Twin Cays, Belize, annual root
growth was strongly correlated with soil respiration,
which suggests that allocation to roots is an important
factor determining variation in soil respiration in man-
grove forests, although allocation to roots may also co-
vary with changes in microbial respiration. In mangrove
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Fig. 4 The relationship between the response ratio of soil respi-
ration (fertilization treatments as a proportion of unfertilized con-
trol) and the response ratio of specific leaf area (SLA) over a range
of mangrove forests. Trees were fertilized with nitrogen (black)
and phosphorus (grey). The linear regression is of the form
Y=-2.88+3.93 * X, R2=0.348, P<0.0001. Dashed lines are
the 95 % confidence intervals
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Fig. 5 The relationship between the stem extension response ratio
with fertilization treatments (proportion of fertilized over unfertil-
ized controls) soil respiration response ratio over a range of man-
grove forests. Trees were fertilized with nitrogen (black) and
phosphorus (grey). The regression is of the form Y=0.900+0.259
* log(X), R2=0.17, P=0.0049



soil core incubations addition of nitrogen reduced min-
eralization of soil C (Keuskamp et al. 2013), thus chang-
es in allocation to roots and exudates, root structure and
microbial communities may contribute to lowering the
respiration of soils with nutrient enrichment.

Variation in porewater salinity was a small contribu-
tor (~3 %) to our BRT models, despite wide variation
across our forests (20–75 ppt, Table 1). Porewater salin-
ity imposes an additional (to nutrients) environmental
influence over allocation to roots, root metabolism and
soil microbial communities. The fitted functions in the
BRT models indicate soil respiration is relatively low at
low salinity, increases as porewater salinity increases
and then declines at salinity above 60 ppt (Fig. 3). The
declining trend in soil respiration at high salinity is
consistent with reductions in ANPP in response to in-
creasing salinity in mangroves (Morrisey et al. 2010).
The low soil respiration in the fitted functions within the
lower porewater salinity range may suggest that alloca-
tion to roots may be reduced at lower salinity (e.g. Ball
and Pidsley 1995; Clough 1994). At very high salinities
there may also be reduced root biomass in slower grow-
ing plants (e.g. Ball and Pidsley 1995). Additionally,
there may be direct negative effects of salinity on root
respiration (Burchett et al. 1984), although enhanced
energy requirements of roots under high salinity have
also been observed (Lopez-Hoffman et al. 2007). In
addition to variation in allocation to roots and root
respiration, salinity of soils has a direct influence on
microbial communities and on microbial metabolism
(Alongi 1988; Rietz and Haynes 2003; Walsh et al.
2005), which may also contribute to reductions in soil
respiration at both high and low ends of the range of
porewater salinity of our study sites. The fitted function
for the soil respiration response ratio, shows declining
responses to fertilization from low to high salinity
(Fig. 6). The shape of this function supports the hypoth-
esis that high salinity places constraints on responses to
nutrient enrichment.

Mangrove forests are important components of the C
budgets inmany tropical and subtropical nations, but are
exposed to nutrient enrichment (Alongi 2002). Here, we
found that soil respiration (CO2 efflux) from mangrove
soils was associated with LAI and thus ANPP. Soil
respiration did not respond strongly to nutrient enrich-
ment in tall fringing forests, but was enhanced in many
scrub forests, which are hydrologically isolated and
were often strongly nutrient limited. Responsiveness of
soil respiration to nutrient enrichment was associated
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Fig. 6 The relationships among a soil respiration and annual root
production (from McKee et al. 2007); b soil respiration and
calculated total root respiration (production of annual production
and root respiration per unit weight from Lovelock et al. 2006b);
and c Root respiration and specific leaf area for the site at Twin
Cays, Belize. Data from fringe, transition and scrub forest zones
were used in panel a. Root respiration values were only available
for fringing and scrub forest zones for panel b and c. Trees were
fertilized with nitrogen (black) and phosphorus (grey) or were
controls (not fertilized, open). Lines represent linear regressions:
a Y=1.15+2.46 * X, R2=0.66, P=0.0078.; b Y=0.90+0.64 * X,
R2=0.94, P=0.0015; Y=−4.37+0.19 * X, R2=0.69, P=0.041
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with responsiveness of SLA, suggesting coordinated
responses to nutrient enrichment both above and below-
ground. Over all our sites, soil respiration was less
sensitive to fertilizer additions than aboveground stem
extension, probably because of reduced allocation to
roots with nutrient additions, but changes in microbial
activity must also be considered. The limited respon-
siveness of soil respiration to fertilization suggests nu-
trient enrichment may lead to higher net ecosystem
production in many mangrove forests, consistent with
observations in other forested ecosystems (Magnani
et al. 2007).
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