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ABSTRACT

Mangrove forests cover large areas of tropical and
subtropical coastlines. They provide a wide range of
ecosystem services that includes carbon storage in
above- and below ground biomass and in soils.
Carbon dioxide (CO,) emissions from soil, or soil
respiration is important in the global carbon budget
and is sensitive to increasing global temperature. To
understand the magnitude of mangrove soil respi-
ration and the influence of forest structure and
temperature on the variation in mangrove soil
respiration I assessed soil respiration at eleven
mangrove sites, ranging from latitude 27°N to 37°S.
Mangrove soil respiration was similar to those ob-
served for terrestrial forest soils. Soil respiration
was correlated with leaf area index (LAI) and
aboveground net primary production (litterfall),
which should aid scaling up to regional and global
estimates of soil respiration. Using a carbon balance
model, total belowground carbon allocation
(TBCA) per unit litterfall was similar in tall man-
grove forests as observed in terrestrial forests, but in

scrub mangrove forests TBCA per unit litter fall was
greater than in terrestrial forests, suggesting man-
groves allocate a large proportion of their fixed
carbon below ground under unfavorable environ-
mental conditions. The response of soil respiration
to soil temperature was not a linear function of
temperature. At temperatures below 26°C Q10 of
mangrove soil respiration was 2.6, similar to that
reported for terrestrial forest soils. However in
scrub forests soil respiration declined with
increasing soil temperature, largely because of
reduced canopy cover and enhanced activity of
photosynthetic benthic microbial communities.

Key words: aboveground primary production;
total belowground carbon allocation; leaf area
index; climate change; Avicennia marina; Avicennia
germinans; Ceriops tagal, Rhizophora lamarkii; Rhizo-
phora mangle.

INTRODUCTION

Carbon dioxide efflux from soil or soil respiration is
an important component of the global carbon
budget and is predicted to be strongly influenced by
current and future increases in global temperature
(Lloyd and Taylor 1994; Boone and others 1998;
Valentini and others 2000; Rustad and others 2000;
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Schlesinger and Andrews 2000). Wetlands are an
important ecosystem influencing global carbon
budgets because of their high productivity and the
high carbon (C) stocks in wetland soils (Raich and
Schlesinger 1992; Raich and Tufekcioglu 2000).
The contribution of different wetland ecosystems,
for example, temperate peatlands, salt marshes and
mangrove forests, and the factors that influence
CO, emissions from wetland soils are not well
known, particularly for tropical ecosystems (Raich
and Schlesinger 1992; Grace and Rayment 2000).
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The sensitivity of soil respiration to temperature
variations was proposed to be higher in cooler
compared to warmer environments (Lloyd and
Taylor 1994; Raich and Schelsinger 1992) and has
been proposed to be particularly important in
determining whether soils will be long-term
sources or sinks of C (Grace and Rayment 2000)
although this has been disputed (for example,
Melillo and others 2002). In this study I use natural
variation over a wide range of sites to investigate
broad scale patterns in soil respiration of mangrove
forests and to understand the factors that are
important in determining the magnitude of soil
respiration in mangrove forests.

In terrestrial forests, soil respiration increases
linearly with aboveground primary production
(ANPP) reflecting the importance of plant produc-
tivity and allocation to roots, root microbial sym-
bionts and exudates in determining soil respiration
(Raich and Nadelhoffer 1989; Hogberg and others
2001; Davidson and others 2002; Ruess and others
2003; Jianwu Tang and others 2005). The propor-
tion of total photosynthetically fixed carbon (C)
allocated belowground tends to decline with
increasing ANPP (Giardina and others 2003), con-
sistent with the predictions of models where envi-
ronments with abundant belowground resources
(water and nutrients) result in relatively smaller
investment in roots and root symbionts (Brouwer
1962; Chapin 1991; Cannell and Dewer 1994; Raich
1998). Establishing relationships between ANPP,
total belowground carbon allocation (TBCA) and
soil respiration are important for building models to
estimate regional and global carbon budgets for
forests and for establishing the value of the eco-
systems services they provide (Raich and Nadelh-
offer 1989; Raich and Schlesinger 1992, Giardina
and Ryan 2000; Giardina and others 2003).

Mangrove forests occupy the interface between
land and sea on sheltered tropical and subtropical
coasts over a broad latitudinal range (30°N to 38°S,
Duke and others 1998). Global coverage of man-
groves is extensive, covering 1.7-1.8 x 10° km? of
the coastal zone (Spalding and others 1997; Valiela
and others 2001). They have important roles in
sustaining tropical and subtropical coastal produc-
tivity (Ewel and others 1998) and sequester large
amounts of C below ground (Twilley and others
1992; Chmura and others 2003). Mangrove forests
make a significant contribution to the world trop-
ical peat storage (MacIntyre and others 1995;
McKee and others 2007; Chimner 2004) and C
stores in mineral soils are also large, significantly
greater than temperate salt marsh soils (Chmura
and others 2003).

Large C stores in mangrove soils occur because C
deposition in mangrove soils is high; both from
allochthanous and autochthonous sources, and
rates of C oxidation within mangrove soils is low,
due to anaerobic conditions (Twilley and others
1992). Mangrove forests are notable for their con-
spicuous aerial root systems (pnuematophores and
stilt roots) with abundant aerenchyma. Due to high
primary production rates of some mangrove forests
(Clough 1992; Saenger and Snedaker 1993) and
the conspicuous root systems and highly organic
soils, it has been proposed that mangroves allocate
a large portion of their fixed carbon to roots (Lugo
and Snedaker 1974; Hutchings and Saenger 1987;
Komiyama and others 1987). In some settings, for
example within the Belizean barrier reefs, man-
grove islands consist of up to 12 m of peat com-
prised of mangrove root tissue that have been
deposited during recent Holocene sea level rise
(MacIntyre and others 1995; McKee and Faulkner
2000). Due to difficulties in extracting live roots
from mangrove soils, data on standing stocks of
roots and root growth are very limited (but see
Komiyama and others 1987; Robertson and Dixon
1993; McKee 2001; McKee and others 2007). The
few estimates of standing stocks of live roots reveal
that mangrove live root biomass per unit area of
soil can be relatively low compared to other for-
ested ecosystems (Clough 1992). Fine root respi-
ration per unit biomass is low (McKee 1996;
Lovelock and others 2006), and root turnover is
also very slow compared to other tree species
(McKee and others 2007). Together these data
suggest that TBCA in mangroves could be lower
than expected on the basis of the C stores in soils,
and that respiration of mangrove soils would also
be low compared to other forest types.

In this study I assess the magnitude of soil respi-
ration in mangrove forests over a range of sites,
which encompass wide variation in forest structure,
ANPP, and climate. The study forests vary from
dwarf and scrub stands (<2 m in height), associated
with soil anoxia, hypersalinity and low nutrient
availability to taller stands fringing channels and
open water (>3 m in height). I use this data set to
test whether TBCA in mangrove forests follows the
predictions of carbon allocation models developed
for terrestrial forests (Raich and Nadelhoffer 1989;
Giardina and Ryan 2002; Giardina and others
2003). I assess whether soil respiration is higher in
taller forests compared to dwarf forests, reflecting
differences in aboveground productivity. I also
assess whether TBCA in mangrove forests is related
to ANPP with a similar relationship as it is in ter-
restrial forests, and whether shorter stature forests,
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many of which are nutrient limited (Feller and
others 2002; Feller and others 2003; Lovelock and
others 2004; 2007a, b) have proportionally higher
TBCA than taller forests.

Site Descriptions

This study was conducted using 11 mangrove forest
sites (Table 1); three sites are from the Caribbean,
and six sites from Australia and two sites from New
Zealand. Sites vary from latitude 37°S to 27°N,
ranging 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 rainfall from 0.3 m in Exmouth to over
3.0 m in Bocas del Toro, Panamda. Many of the sites
comprise forests of different stature. Most of the
sites were dominated by species within the genera
Rhizophora or Avicennia, with the exception of the
Hinchinbrook Channel in Queensland where Ceri-
ops tagal (Rhizophoraceae) dominates the dwarf
forests. Tidal range was microtidal in the Caribbean
sites (approximately 0.5-1 m) and mesotidal in the
Australian and New Zealand sites (1.6-2.4 m). Soils
also varied, from fine silts in New Zealand, Port
Douglas and Cape Cleveland, sand in dwarf forest
in Florida, Moreton Bay and the Hinchinbrook
Channel to highly organic soils (mangrove peat)
that are more than 60% carbon in Twin Cays,
Belize and Bocas del Toro, Panama.

Complete site descriptions have been previously
published for Belize (McKee and others 2002; Feller
and others 2003), Florida (Feller and others 2003),
and Bocas del Toro (Lovelock and others 2004;
Lovelock and others 2005; Lovelock and others
2006). In Moreton Bay, the study was conducted at
Myora Springs on North Stradbroke Island. The
forest was dominated by A. marina, ranging in
height from 7 to 13 m. General site characteristics,
and mangrove forest description for Moreton Bay
are available in Davie (1984) and Manson and
others (2003). In the Hinchinbrook Channel, the
site is on the landward edge of the Channel at a site
25 km south of the town of Cardwell. There is a
narrow fringing forest of Rhizophora larmarkii
growing on highly organic soils, which gives way to
an extensive stand of dwarf (<1.5 m) Ceriops tagal
growing on coarse quartz sand. A description of the
mangroves of the Hinchinbrook Channel can be
found in Robertson and others (1992) and Clough
(1998). In Exmouth, one site was situated in
Mangrove Bay on the western side of the North
West Cape. A general site description for Mangrove
Bay is available in Alongi and others (2003).
Another site was situated in Giralia Bay on the

eastern side of the Exmouth Gulf. The mangroves in
Mangrove and Giralia Bays are dominated by A.
marina. In Mangrove Bay the study site was in a
patch of small (<1.5 m) trees, whereas in Giralia
Bay taller fringing (3-5 m) and shorter landward
stands (<2 m) were studied. The Exmouth region
(including Giralia) is arid (<30 c¢m rainfall per year).
Two sites from New Zealand were studied, both
having monospecific stands of A. marina (Lovelock
and others 2007a, b). Waikopua is close to the city
of Auckland. The site is muddy due to high rates of
sediment deposition due to clearing and agricultural
land use in the adjacent terrestrial ecosystem. A full
site description of Waikopua can be found in Ellis
and others (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).

MATERIALS AND METHODS

Soil respiration was measured at low tide at each
site using a LiCor 6400 portable photosynthesis
system configured with the LiCor Soil Respiration
chamber (LiCor Corp, Lincoln, NE, USA). The
chamber was set to penetrate only 0.5 mm into the
soil to avoid damaging surface roots. Settings for
measurement were determined at each site fol-
lowing the procedure described by the manufac-
turer. In some instances soils were absorbing CO,.
In these cases data were manually logged at 2-min
intervals for three cycles, and flux rates calculated
manually following the equations in the manu-
facturer’s manual. Soil temperature was measured
at 2 cm depth simultaneously with soil respiration.
Measurements were made between 2004 and 2006
(Table 1).

Where a conspicuous microbial mat or biofilm
was present on the soil surface, for example in the
New Zealand sites, Port Douglas and the Hinchin-
brook Channel, soil respiration was initially mea-
sured on intact soil, after which the top 0.5-1 c¢cm of
soil was gently removed with a spatula to avoid
wounding surface roots. Soil respiration was then
re-measured in the same location.

Variation in forest structure over the sites was
measured by assessing Leaf Area Index (LAI) using a
gap fraction method and by measuring tree heights.
A hemispherical photo was taken with a Nikon
Coolpix digital camera (model 995, Nikon, Tokyo,
Japan) fitted with a fisheye lens under the canopy
either on cloudy days or early in the morning.
Images were processed using the computer program
Hemiview Canopy Analysis Software (version 2.1,



345

Soil Respiration and Belowground Carbon Allocation

Sumas pue
Apusreambs ue

%007 SIdYl0 pue elensny
e3eIIeZIT-P[OITY H,LS o€11 UIISIM
woIy palewnsy pagInisipun $00T [Mdy 9 ¢'1> vuuvw'y pues-[eRUIN LT (9T°0) L 1L LT ‘S 8S01C qmouwrxg
G661 Jung
WOI} Palewnisy 6 W G—¢ PULIDUL'Y J[IS-[RIUTIA
gumoas pue
Apuareambs ue
‘$00C SIdJ0 pue eI[eNISNY
e3eLIezZIT-B[0d11Y H,5¢ o711 WIISIM
wod}p pojewnsy  poqlinisipufn) 9007 [udvy 6 WwgeI> burivul’y MS-[eUIN - 9°1T (9T°0) L' 1¢-LLT ‘S ¥r.lC ‘ereItd
eIensSny
1061 "D 3,10 oLV1 ‘pue[suaanQ
VN Ppagimisipun 900¢ Amnr 9 WS> /puupu’y  pues-[eRUIN ¢ (LT'T) ¥'LT-L'1C ‘S 91,61 ‘pueadD adepn
pue[suaand
VN 6 WS> jvbv1 D pues—{eIdurN 3,01 o971 ‘Puueyd
VN Ppogimisipun 900T Amnr 6 W /-¢ mywww)y yead-dwedio ¢z (TI'T) 8°87-8°81 ‘S,0T.81 soo1quIydUIH
ejep paysijqndun
SI9UJO0 pue I9[[od 6 WGT> pbuvury  1ead-druediQ
ejep paysiqndun
SI9UI0 pue Id[[d 6 w g ajbuvwry  yead-oruedip
ejep paysiqndun $00T M 90,88 IZ1Pg
SI9UJO0 pue I[[2d pa2ginisipun Arenuer 6 w /-G apbuvwry  1ead-dotuedip g0 (g'z~) 8°87-¥'sC ‘N 06,91 ‘shkeD umm,
eIensSny
g ,LT oSP1 ‘puersuaand
VN paginisipun 900¢ Amr 8 Wwg>  vuupu’y  pues-[eRUIN 17 (10°7) 6'L7-9°0C ‘S 0€.91 ‘se[gnoq 110d
VN 6 W 7I-L apbuvwry  yead-oruedip
VN 6 WgI> jbuvury  1ead-druediQ
VN 6 w ¢ ajbuvwry  1ead-druediQ
<00¢ s12ylo M,SToC8 eureued
pue uewiznd paqInIsIpu 007 dy 6 We—¢  gbuvwry yead-duesio L0 (0F~) 0€-LT ‘N ,I1T.6 ‘0101 [9p sedxoq
9IS AY) JB  SIUIWRINSEIW (w) [rejurer pue
paynuapr uonerrdsax sojdures () D, ur dway 1re
elep [[eJIonI] saduanjul [0S Jo ITedA 10 S9213 JOo  aInjels J8uer *Xeul pue ‘uru ‘Suo1
Jo dIMos uewnyg pue yiuow R_quNN 1L saads [10S [epLL [enuue J3eIdAY e d1IS

JO 901n0S pue ‘pasn) siutod Surdures 10 $991L, JO SIOQUINN ‘9INIe1S II1L, ‘S910ad§ jueuruIod ‘s9IS JO SINSLIdDLILYD dNWI[D PUE SUOIIBIOT

ele [[eJ1oNIT
‘1 9[qeL



346

C. E. Lovelock

continued

Table 1.

Source of

Month and Human

Number
stature of trees or year of soil

Tree

Species

Average annual Tidal Soil

min. and max.
air temp in °C

Lat.

Site

litterfall data

influences
identified

measurements at the site

range

Long.

respiration

samples

m)

(

and rainfall (m)

Raulerson

Urban and

R. mangle 5-7m 9 May 2004

0.5 Mineral-silt

18.0-27.9 (1.37)

27°33'N,

Fort Pierce,

unpublished data

NA

agricultural

80°20'W

Florida

development
in the

Mineral-sand A. germinans 2-4 m 9

Raulerson

Mineral-sand A. germinans < 1.5 m 9

unpublished data

Davie 1984

catchment

October 2005 Undisturbed

7-13 m 14

1.8 Mineral-sand A.marina,

15.7-25.5 (1.15)

27°52" S,

Moreton Bay,

R. stylosa

1.6 Mineral-sand A.marina

153° 20" E

36°45'S,

Queensland
Whangapoua,

January 2004 Forestry NA

2-3m 8

11.4-19.6 (2.0)

NA

in the catchment

and 2005
January 2004 Urban and agricultural Estimated from

1.5
2-3m 8

<

Mineral-sand A.marina

2.4 Mineral-silt

175°30'E

36° 55" S

New Zealand

Waikopua,

A.marina

11.3-18.9 (2.5)

May 1999
Estimated from

development in the

catchment

and 2005

174° 30’E

New Zealand

A.marina <1l5m 8

Mineral-silt

May 1999

Delta-T Devices Ltd., Cambridge, United Kingdom).
Tree height was measured with a telescoping pole.

Total belowground carbon allocation was calcu-
lated using the mass balance approach of Raich and
Nadelhoffer (1989) which was tested by Giardina
and Ryan (2002), where TBCA = Fs-F, + Fg +
Fsror, Where F is soil efflux, F, is aboveground
litter production, Fg is losses (export) and Fsrog is
carbon stored in soils per unit time. Assuming that
C storage and export is low compared to litter
inputs and respiration then: TBCA = FF,. F; was
estimated by extrapolating soil respiration mea-
sured in pmol m™2s™' to g C m2 y~! assuming CO,
efflux is constant diurnally but varies seasonally.
The simplification of constant rates throughout the
day was adopted because no significant temporal
variation in soil respiration was observed between
9 a.m. and 3 p.m. at the Florida site (data not
shown) and daily variation in other tropical forests
was also low (for example, Davidson and others
2000). In periodically flooded mangroves soil
respiration may also be influenced by daily tidal
inundation. Comparison of CO, flux under sub-
merged conditions and in air (similar to our mea-
surements) have been made on soil cores at two
sites, southern Thailand and Exmouth (Alongi and
others 2000; Alongi and others 2001). Fine roots
within the cores were detached and thus the root
respiration component of CO, flux may have been
underestimated; however, analysis of these data
show respiration rates under submerged conditions
are correlated with respiration rates measured in
air, although the relationship was variable: Log
(CO, flux in air) = 0.855 + 0.371 Log(CO, flux
submerged), R? =0.319, P <0.0026. Respiration
measured in air was slightly lower than that mea-
sured when cores were submerged, thus the scaled-
up data presented may be underestimated, partic-
ularly in forests that are submerged for extended
periods in each tidal cycle (for example, seaward
fringing forests in microtidal settings).

CO, efflux was integrated annually in two ways,
first by assuming there was no seasonal variation in
soil respiration, and second by scaling soil respira-
tion with annual variation in air temperature at
each site. Soil respiration is sensitive to annual
variation in temperature and also to phenological
patterns, but these factors tend to co-vary (for
example, Curiel Yuste and others 2004). I assumed
maximum soil respiration occurred in the summer
and minimum in the winter. Using each sites’ an-
nual temperature variation in conjunction with
proportional changes in soil respiration calculated
from the curve in Figure 3 (for example, a 5°C
reduction in temperature from the maximum value
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resulted in soil respiration that was 80% of maxi-
mum summer value) I estimated maximum and
minimum rates for each site. I then integrated
annually assuming a linear increase from mini-
mum winter values to maximum summer values.
Annual rates of CO, efflux estimated in this way
were similar to the values estimated using the ‘‘no
seasonality”’ calculations except at sites with large
variations in annual temperature (approx. 10°C)
that had been measured in summer, that is, New
Zealand and Florida. Overall, seasonally integrated
values were significantly different from the ‘““no
seasonality”” values (paired t test: t = —2.76, 15 df,
P =0.0141) but they did not alter the overall
conclusions of the study, which were similar using
either the ‘‘no seasonality”” or seasonally adjusted
values.

In contrast to many terrestrial forests, export of
litter and dissolved C exports (Fg) could be sub-
stantial (Twilley 1985; Twilley and others 1986;
Robertson and others 1992; Dittmar and others
2006), particularly at sites with high tidal ranges
(Twilley and others 1992). Estimates of Fg for
mangroves are between 10 and 50% of litterfall
(Twilley 1985) and range from 2 to 420 gCm 2y~ !
(Twilley and others 1992). In the mangrove study
sites used in the current study it would be expected
that taller, fringing forests will have higher rates of
export compared to dwarf forests which are exposed
to less frequent tidal flushing. The effect of potential
C exports was calculated by adding 10 and 50% of
litterfall to TBCA. This potential variation in TBCA
due to export has been indicated graphically.

Litterfall had been directly measured in previous
studies at some sites (for example, Belize, Florida
and Bocas del Toro) and was estimated for other
sites using values from the literature. In Waikopua
and Whangapoua, litterfall was estimated from tree
height using the regression provided by May (1999)
who measured litterfall of mangroves within the
Waikopua estuarine system. In Exmouth, litterfall
of the A. marina dwarf trees was assumed to be
similar to that of dwarf A. germinans in a similarly
arid region of Mexico (Arreola-Lizarraga and others
2004), and for fringing sites in Giralia Bay was taken
from Bunt (1995). Litterfall for Moreton Bay was
taken from Davie (1984) for a similar stature forest.

Data Analysis

Multiple regression analysis was used to test for
significant relationships between soil respiration
and LAI, and soil temperature. Due to the shape of
the soil respiration-temperature curve we included
a temperature squared term in the model. Linear

regression was used to test for a significant rela-
tionship between ANPP estimated from litterfall
and soil respiration for a subset of the sites, and also
used to test for significant relationships between
ANPP and TBCA. Q,, for soil respiration was as-
sessed as the ratio of respiration at 26°C to respi-
ration at 16°C after Fang and Moncrieff (2001),
where Qi = (Rr2/Rp) Y™ ™) where R is respi-
ration and T1 and T2 are temperature expressed in
°K. ANOVA was used to test for effects of microbial
mat removal on soil respiration, where mat re-
moval was fixed effect in the model and site was a
random effect.

REsuLTS

Mean soil respiration over the sites ranged from
approximately —0.25 to 2.97 yumol C m™? s
(Figure 1). Dwarf forests had a similar range of
respiration rates as taller forests. Although the
more human modified sites, Hutchinson Island and
Waikopua close to the city of Auckland had the
highest respiration rates. Respiration rates were
also high at the undisturbed sites at Cape Cleveland
and Whangapoua. Mangrove soil respiration rates
were generally in the lower range of that observed
in terrestrial ecosystems (hatched bar provided for
comparison), but were comparable to rates ob-
served in terrestrial forested ecosystems. Soil res-
piration at the two New Zealand sites was
measured over two consecutive years. Although
respiration rates differed between years, soil respi-
ration at Waikopua was consistently greater than
that at Whangapoua.

Soil respiration varied with both forest LAI and
soil temperature (R* = 0.332, F5;55 = 25.7; LAI P <
0.0001, soil temperature P < 0.0001 and soil tem-
perature” P = 0.0003). Over all sites soil respiration
increased with increasing forest LAI (Figure 2,
R? = 0.177), although there was a high level of
variation about this relationship. Variation in soil
temperature also explained a significant but small
proportion of the variation in soil respiration over
the sites (R* = 0.20), but the temperature response
was not linear (Figure 3). Soil respiration increased
to a maximum at approximately 25-27°C and then
declined with further increases in temperature.
Between 16° and 26°C, the Q,q of soil respiration
was 2.6. At low LAI light penetrates the canopy
enhancing soil surface temperatures and also
stimulating growth of photosynthetic biofilms or
microbial mats (for example, Lee and Joye 2006).
To test whether the decline in soil respiration at
higher temperatures in dwarf forests could be due
to carbon fixation by the photosynthetic biofilm on
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Figure 1. Variation in soil respiration over all mangrove
sites. Upper panel shows values for dwart forests smaller
than 2 m tall. Lower panel is taller forests that fringe
channels or open water. For comparison the range of
terrestrial soil respiration of forested sites from Raich and
Nadelhoffer (1989) appears as a hatched bar. Negative
CO, efflux indicates CO, uptake by the soil.

the soil surface, I removed the top 0.5 cm of the soil
profile at four sites and immediately re-measured
soil respiration. Soil respiration rates where the
biofilm was removed were significantly higher than
for intact soil (Figure 4, Main effect of mat removal
F13 =409.4, P = 0.0003). Although soil respiration
rates over the sites varied (main effect of site
F36 =27.132, P<0.0001) the removal of the
surface biofilm had a similar effect at all sites.
Total belowground carbon allocation was esti-
mated using soil respiration and ANPP from a
subset of sites where litterfall has been measured or
could be estimated. Soil respiration and litterfall
were significantly correlated (Figure 5, R* = 0.35,
P = 0.024), but had a shallower slope than the
relationship between soil respiration and litterfall

Soil Respiration CO, Efflux
umol m2 s
w

0.0 05 1.0 15 2.0 25
Leaf Area Index

Figure 2. Relationship between leaf area index (LAI)
and soil respiration (CO, Efflux) for ten mangrove sites.
Equation of the line is: CO, Efflux = 0.366 + 0.800 %
LAL R* = 0.177, P < 0.05.

Soil Respiration CO, Efflux
umol m2 g™

15 20 25 30 35
Soil Temperature °C

Figure 3. Response of mangrove soil respiration to soil

temperature for ten mangrove forests. Equation of the

line of best fit is: Soil CO, Efflux = —5.509 + 0.557 x T—

0.011 x T?, where T is soil temperature in °C, R* = 0.20,
P < 0.05.

of terrestrial forests (compare with the dashed line
of Raich and Nadelhoffer 1989). Annual soil res-
piration that was not adjusted for seasonal varia-
tion in temperature had a higher correlation with
litterfall (R* = 0.53, data not shown). TBCA ranged
from 151 to 634 gC m™2 y ' (mean 410 + 45 gC
m~2 y~!). In mangrove forests there was no sig-
nificant linear relationship between TBCA and
ANPP (Figure 6). TBCA as a proportion of ANPP for
dwarf forest was significantly greater than that for
taller forests (Dwarf 15.3 + 5.9 versus Tall forest
3.2 £0.9: F; 15 =6.93, P=0.0219); thus per unit
ANPP dwarf mangroves allocate relatively more C
belowground than do taller mangrove forests.
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l [ Removed microbial mat

CO, Efflux
umol m2 s

Figure 4. Mean soil respiration in dwarf mangrove for-
ests with an intact surface microbial community (black
bars) and where the microbial community had been re-
moved (grey bars) (N = 6-8). Removing the surface
microbial community had a significant effect on soil
respiration: F; ;3 = 409.4, P = 0.0003.
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Figure 5. Relationship between soil efflux and litterfall
over seven mangrove sites. Sites include dwarf forests
(<2 m height, downward triangles) and tall forests (circles).
The dashed line is the relationship for terrestrial forests
from Raich and Nadelhoffer (1989, slope = 2.92). The
regression line is the least squares line of best fit for dwarf
forests (<2 m height, downward triangles) and tall forests
(circles), and is of the form: Efflux = 409 + 1.00 x Litter-
fall, R* = 0.356, P = 0.024.

DiscussioN

Discovering direct links between above- and below-
ground processes facilitates scaling measurements
of CO, exchange over landscapes. Mangroves are
important autotrophic ecosystems in the tropical
and subtropical coastal zone, providing important
ecosystem services, one of which is carbon seques-
tration (Ewel and others 1998; Alongi 2002;
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Figure 6. Relationship between total belowground car-
bon allocation and litterfall over seven mangrove sites.
There was no significant correlation. Sites include dwarf
forests (<2 m height, downward triangles) and tall forests
(circles). Small open symbols are values of TBCA calcu-
lated assuming carbon export of 10% of litterfall in dwarf
forest and 50% of litterfall in taller forests. The dashed
line is the relationship for terrestrial forests from Raich
and Nadelhoffer (1989).

Chmura and others 2003). This study aimed to
discover links between soil respiration and above-
ground primary productivity over a wide range of
mangrove sites. Due to the potential importance of
the temperature sensitivity of soil respiration to C
sequestration in forest soils (Raich and Schelsinger
1994; Boone and others 1998; Grace and Rayment
2000), we also assessed the sensitivity of mangrove
soil respiration to temperature by using natural
temperature variation over our sites that spanned a
wide range of latitudes.

Links Between Aboveground
Productivity and Soil Respiration

Mangrove soil respiration across the 11 mangrove
sites was highly variable, but similar to that
observed in terrestrial ecosystems (Figure 1, Raich
and Nadelhoffer 1989; Raich and Schesinger 1994)
and other wetland soils (Howes and others 1985;
Amador and Jones 1993). Soil respiration rates
were generally higher than those reported from
mangrove soil cores (Alongi and others 2000, 2001,
2005a, b), but were similar to those measured in
undisturbed soils using closed chambers (Middle-
burg and others 1996, Chimner 2004), probably
reflecting the contribution by live roots to man-
grove soil respiration, either directly through root
tissue respiration or through bacterial respiration
dependent on root exudates (Kuzyokov 2002).
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Soil respiration was significantly correlated with
LAI over all sites but the data were highly variable
(Figure 2). Only a small portion of this variability
could be attributed to variations in soil temperature
(Figure 3). LAI is an indicator of aboveground
biomass, which is often closely correlated to
belowground biomass (Cannell and Dewer 1994).
The highly variable relationship between LAI and
soil respiration observed over our study sites could
reflect wide variation in allocation to fine roots
(Ruess and others 2003), or variation in the het-
erotrophic component of respiration both within
and between sites (Bond-Lamberty and others
2004). Both of these factors may be strongly
influenced by nutrient availability and redox of
soils, which may vary widely within and among
mangrove forest ecosystems (Alongi and others
2000, 2001, 2005a, b; Feller and others 2002;
Lovelock and others 2007a, b). Errors in the gap
fraction method used to estimate LAI over forests of
differing structure may also contribute (Bréda
2003). As LAI can often be measured remotely (for
example, Green and others 1998), the relationship
between LAI and respiration may be a useful tool in
estimating soil respiration over large spatial scales.

Across the sites mangrove forest soil respiration
was correlated with litterfall (Figure 5) as has been
observed in terrestrial forests (Raich and Nadelh-
offer 1989; Davidson and others 2002). The slope of
the mangrove soil respiration versus litterfall rela-
tionship was lower than that observed for terres-
trial forests (1.00 compared to the terrestrial forest
slope of 2.92, Raich and Nadelhoffer 1989). This
lower sensitivity (shallower slope) of mangrove soil
respiration to increasing ANPP is linked to higher
TBCA per ANPP in low productivity, low stature
mangrove forests, and possibly to lower TBCA in
taller stature forests with higher ANPP (Figure 6).
Fundamental differences in the environment for
roots between wetland and terrestrial forest soils
that are linked to tidal inundation, for example,
wetlands have highly variable redox states and
nutrient availability, may contribute to the differ-
ences observed between mangroves and terrestrial
forests in their TBCA over gradients in ANPP. Data
from more productive forests than those included
in this study, for example, in Asia (for example,
Alongi and others 2004), and Central America (for
example, Golley and others 1975), would be
needed to confirm a trend of lower TBCA in taller
mangroves compared to terrestrial forests.

The high TBCA estimated in dwarf forests com-
pared to taller forests may be linked to investment
of C belowground needed to withstand adverse
environmental conditions, particularly anaerobic

conditions and low nutrient availability, which are
common in dwarf or scrub forests (Alongi and
others 2000, 2001, 2005a, b; Feller and others
2002, 2003; Lovelock and others 2004, 2007a, b.
Relatively high rates of soil respiration and TBCA in
dwarf forests compared to taller forests are unlikely
to be due to respiration of live roots as live root
densities, root growth rates and root respiration
rates are low in dwarf mangrove forests (McKee
2001; Lovelock and others 2006; McKee and others
2007), but could be due to high rates of C exuda-
tation from roots and high levels of heterotrophic
respiration (for example, Vazquez and others
2000).

Higher proportional TBCA in dwarf mangroves
compared to terrestrial forests could also be due to
mineralization of C from other, non-mangrove tree
sources, which would introduce errors when using
the carbon balance model. Detrital inputs from
adjacent seagrass and macroalgal beds, or from the
microphytobenthic community and from delivery
of sediments could enhance soil respiration and
estimated TBCA. Delivery of sediments and detritus
is lower in landward dwarf forests compared to
seaward fringing mangrove stands (Furukawa and
others 1997) making additional inputs from outside
the mangrove a small source of error in the model
for dwarf forests. In contrast in situ production by
microbial mats can be substantial (for example, Lee
and Joye 2006) and may contribute to the high
TBCA in dwarf compared to taller fringing forests.

Problems with the carbon balance model’s
assumption of steady state conditions have been
discussed in detail by Davidson and others (2002).
Carbon imports and exports in tidal dominated
ecosystems like mangroves are likely to give rise to
errors in estimation of TBCA using the carbon
balance method (Figure 6). Estimation of TBCA
that included export of 10-50% of litterfall in-
creased TBCA, but did not change the overall pat-
terns evident in the data. More thorough
assessment of C export is needed, particularly of
dissolved organic C (Twilley and others 1992;
Dittmar and others 2006). Errors associated with
direct methods of estimating C allocation below
ground are also very large (for example, Komiyama
and others 1987; Robertson and Dixon 1993). The
technical difficulties of making direct measure-
ments of carbon allocation belowground in man-
grove soils and the need to assess TBCA for carbon
budgets over a wide range of representative forests
make a first pass assessment using the carbon bal-
ance method useful, despite the potential flaws. A
spatially detailed understanding of C imports and
exports from mangrove soils would greatly improve
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the confidence in using carbon balance models, as
would longer term measurements of soil respira-
tion that encompassed variation with tidal cycles
and over seasons.

Influence of Temperature on Soil
Respiration

Some of the variation in soil respiration over sites
could be explained by variation in soil temperature
(Figure 3). Temperature responses of intact man-
grove soil respiration between 16° and 26°C (on the
upward slope of the curve in Figure 3) was on
average 2.6, close to the median Q;, measured over a
range of terrestrial vegetation types and sites (Raich
and Schelsinger 1994; Boone and others 1998) and
that predicted by Lloyd and Taylor (1994) indicating
that mangrove soil respiration is not less sensitive to
temperature as might be surmised from their tropical
and subtropical distribution. The high variability in
Figure 3 also indicates that Q¢ is variable. Q;4 has
been observed to vary seasonally, due to variation in
temperature, water content of soils and also with
phenology (for example, Xu and Qi 2001; Janssens
and Pilkegaard 2003; Curiel Yuste and others 2004).
Additionally, soil respiration did not increased with
temperature over the whole temperature range but
showed a decline at higher temperatures (Figure 3).
Across the sites, higher temperatures in mangrove
soils were often associated with sparse canopies of
dwarf forests, where greater levels of direct sunlight
penetrate through mangrove canopies illuminating
and warming the soil surface. High light levels at the
soil surface stimulate growth of microbial commu-
nities, which are comprised of cyanobacteria, dia-
toms, and other microalgae (Potts 1979; Joye and
Lee 2004; Underwood and others 2005). These
communities are capable of high rates of carbon
fixation (Schories and Muhlig 2000; Lee and Joye
2006). Experimental removal of the surface biofilm
in New Zealand and the cyanobacterial mat in North
Queensland sites (Port Douglas and Hinchinbrook
Channel) confirmed that photosynthetic organisms
on soil surfaces significantly decreased the efflux of
respired C from deeper in the soil (Figure 4). Flux of
CO, into mangrove soils has been previously ob-
served, along with increases in respiration with soil
depth (Alongi and others 2001).

Mangroves are highly efficient at conserving
nutrients within individual trees (Feller 1995; Feller
and others 2003; Alongi and others 2005a, b;
Lovelock and others 2007a, b, and also at the eco-
system level (Alongi and others 1992). The results
presented here suggest that in additional to efficient
nutrient conservation, C losses from soils are also

low in mangrove ecosystems, and are influenced by
the activity of photosynthetic microbial communi-
ties, particularly in dwarf forests. They also suggest
that the effects of global warming on soil respiration
in mangrove forests is likely to be complex,
depending not only on the effects of increases in
temperature on photosynthesis, root respiration
and the activity of bacterial communities, but also
on the temperature response of benthic photosyn-
thetic microorganisms. Additional interactions are
likely with other factors that influence mangrove
canopy development and thus light levels reaching
the soil surface, including sea level rise (Ellison and
Farnsworth 1996), levels of nutrient enrichment
(Lovelock and others 2006), and storm damage
(Cahoon and others 2003) and underscore the
importance of understanding the roles of benthic
microbial communities in carbon and nutrient cy-
cling in estuaries (An and Joye 2001) and other
ecosystems with photosynthetic microbial crusts
(for example, Cable and Huxman 2004).

Conclusions

Mangroves have similar rates of soil respiration as
terrestrial forests, but they may achieve this at
lower ANPP, giving support to the hypothesis that
mangrove forests allocate more carbon below-
ground than do terrestrial forests. This was partic-
ularly evident in dwarf forests which can be
extensive (Lugo 1997). Over all sites, soil respira-
tion correlated with LAI and litterfall, which may
provide tools to scale up CO, flux from mangrove
ecosystems from currently available data sets. The
response of mangrove soil respiration to increasing
temperature was similar to that of terrestrial for-
ested ecosystems, with a Q;o of approximately 2.6
for the lower temperature range (to 26°C). At
higher soil temperature, often in dwarf forests, soil
respiration declined with increasing temperature
due to the activity of benthic photosynthetic
microbial communities which are important in
retaining respired C within the ecosystem.

ACKNOWLEDGMENTS

This study was supported by the National Science
Foundation under Grant DEB 99-81309, a WISC
award from the American Association for the
Advancement of Science, the New Zealand Foun-
dation for Research, Science and Technology
(C01X0024, C01X0215, and C01X0307), the Hun-
terdon Oceanographic Research Fund, the Smith-
sonian’s Marine Science Network, the Smithsonian
Marine Station at Fort Pierce, the Caribbean Coral
Reef Ecosystems Program (contribution no: 818)



352 C. E. Lovelock

and Australian Research Council awards LP0561498
and DP0774491. I thank Candy Feller, Roger Ruess,
and Marilyn Ball, and the staff of Carrie Bow Cay
Research Station and Pelican Beach Resort, Belize.
Thanks also to Gary Raulerson who provided access
to unpublished data. Thanks are also extended to
many people who helped in the field, including
Fernanda Adame, Dianne Allen, Don Cahoon, Anne
Chamberlain, Beth Clegg, Bettina Engelbrecht,
Sharon Ewe, Ray Feller, Jane Halliday, Nicole Han-
cock, Helen Penrose, Brian Sorrell, Ann Maree
Schwarz, and Rachel Tenni.

REFERENCES

Alongi DM. 2002. Present state and future of the world’s man-
grove forests. Environ Conserv 29:331-49.

Alongi DM, Boto KG, Robertson AlI. 1992. Foodchains and carbon
fluxes. In: Roberston Al, Alongi DM, Eds. Tropical mangrove
ecosystems. Coastal and Estuarine Studies 41. Washington DC,
USA: American Geophysical Union. pp 251-92.

Alongi DM, Clough BF, Dixon P, Terendi F. 2003. Nutrient
partitioning and storage in arid-zone forests of the mangrove
Rhizophora stylosa and Avicennia marina. Trees 17:51-60.

Alongi DM, Clough BF, Robertson AL 2005. Nutrient-use effi-
ciency in arid-zone forests of the mangroves Rhizophora stylosa
and Avicennia marina. Aquat Bot 82:121-31.

Alongi DM, Pfitzner J, Trott LA, Tirendi F, Dixon P, Klumpp DW.
2005. Rapid soil accumulation and microbial mineralization in
forests of the mangrove Kandelia candel in the Jiulongjiang
estuary, China. Estuar Coast Shelf Sci 63:605-18.

Alongi DM, Sasekumar A, Chong VC, Pfitzner J, Trott LA, Te-
rendi F, Dixon P, Brunskill GJ. 2004. Soil accumulation and
organic material flux in a managed mangrove ecosystem:
estimates of land-ocean-atmosphere exchange in peninsular
Malaysia. Mar Geol 208:383-402.

Alongi DM, Tirendi F, Clough BF. 2000. Below-ground decom-
position of organic matter in forests of the mangroves Rhizo-
phora sylosa and Avicennia marina along the arid coast of
Western Australia. Aquat Bot 68:97-122.

Alongi DM, Wattayakorn G, Pfitzner J, Terendi F, Zagorskis I,
Brunskill GJ, Davidson A, Clough BF. 2001. Organic carbon
accumulation and metabolic pathways in soils of mangrove
forests in southern Thailand. Mar Geol 179:85-103.

Amador JA, Jones RD. 1993. Nutrient limitation on microbial
respiration in peat soils with different total phosphorus con-
tent. Soil Bio Biochem 25:793-801.

An S, Joye SB. 2001. Enhancement of coupled denitrification by
benthic photosynthesis in shallow subtidal estuarine soils.
Limnol Oceanogr 46:62-74.

Arreola-Lizarraga JA, Flores-Verdugo FJ, Ortega-Rubio A. 2004.
Structure and litterfall of an arid mangrove stand on the Gulf
of California, Mexico. Aqua Bot 79:137-43.

Bond-Lamberty B, Wang C, Gower S. 2004. A global relationship
between the heterotrophic and autotrophic components of
soil respiration?. Glob Change Biol 10:1756-66.

Boone RD, Nadelhoffer KJ, Canary JD, Kaye JP. 1998. Roots
exert a strong influence on the temperature sensitivity of soil
respiration. Nature 396:570-72.

Bréda NJJ. 2003. Ground-based measurements of leaf area in-
dex: a review of methods, instruments and current contro-
versies. J Exp Bot 54:2403-17.

Brouwer R. 1962. Distribution of dry matter in the plant. Neth J
Agric Sci 10:399-408.

Bunt JS. 1995. Continental scale patterns in mangrove litter fall.
Hydrobiologia 295:135-40.

Cable JM, Huxman TE. 2004. Precipitation pulse size effects on
Sonoran Desert soil microbial crusts. Oecologia 141:317-24.

Cahoon DR, Hensel P, Rybczyk J, McKee K, Proffitt CE, Perez B.
2003. Mass tree mortality leads to mangrove peat collapse at
Bay Islands, Honduras after Hurricane Mitch. J Ecol 91:1093—
105.

Cannell MGR, Dewar RC. 1994. Carbon allocation in trees—a
review of concepts for modeling. Adv Ecol Res 25:59-104.

Chapin FS. 1991. Effects of multiple environmental stresses on
nutrient availability and use. In: Mooney HA, Winner W, Pell
EJ, Eds. Responses of plants to multiple stresses. Physiological
Ecology Series. San Diego: Academic Press Inc. pp 67-88.

Chimner RA. 2004. Soil respiration rates of tropical peatlands in
Micronesia and Hawaii. Wetlands 24:51-56.

Chmura GL, Anisfeld SC, Cahoon DR, Lynch JC. 2003. Global
carbon sequestration in tidal, saline wetland soils. Glob Bio-
geochem Cycl 17:1111-20.

Clough BF. 1998. Mangrove forest productivity and biomass
accumulation in Hinchinbrook Channel, Australia. Mangr Salt
Marsh 2:191-8.

Clough BF. 1992. Primary productivity and growth of mangrove
forests. In: Roberston AI, Alongi DM, Eds. Tropical mangrove
ecosystems. Coastal and Estuarine Studies 41. Washington
DC, USA: American Geophysical Union. pp 225-50.

Curiel Yuste J, Janssens IA, Carrara A, Ceulemans R. 2004.
Annual Q;o of soil respiration reflects plant phonological
patterns as well as temperature sensitivity. Glob Change Biol
10:161-9.

Davidson EA, Savage K, Bolstad P, Clark DA, Curtis PS, Ells-
worth DS, Hanson PJ, Lay BE, Luo Y, Pregitzer KS, Randolf
JC, Zak D. 2002. Belowground carbon allocation in forests
estimated from litterfall and IRGA-based soil respiration
measurements. Agric Forest Meteorol 113:39-51.

Davidson EA, Verchot LV, Cattanio HJ, Ackerman IL, Carvalho
JEM. 2000. Effects of soil water content on soil respiration in
forests and cattle pastures of eastern Amazonia. Biogeo-
chemistry 48:53-69.

Davie JDS. 1984. Structural variation, litter production and
nutrient status of mangrove vegetation in Moreton Bay. In:
Coleman RJ, Covacevich J, Darle P, Eds. Focus on Stradbroke.
Brisbane: Boolarong Publications. pp 208-23.

Dittmar T, Hertkorn N, Kattner G, Lara RJ. 2006. Mangroves, a
major source of dissolved organic carbon to the oceans. Glob
Biogeochem Cycl 20:1-7.

Duke N, Ball MC, Ellison JC. 1998. Factors influencing the
diversity and distributional gradients in mangroves. Glob Ecol
Biogeogr Lett 7:27-47.

Ellis J, Nicholls P, Craggs R, Hofstra D, Hewitt J. 2004. Effects of
terrigenous sedimentation on mangrove physiology and
associated macrobenthic communities. Mar Ecol Progr Ser
270:71-82.

Ellison AM, Farnsworth EJ. 1996. Spatial and temporal vari-
ability in growth of Rhizophora mangle saplings on coral cays:
links with variation in insolation, herbivory, and local sedi-
mentation rate. J Ecol 84:717-31.



Soil Respiration and Belowground Carbon Allocation 353

Ewel KC, Twilley RR, Ong JE. 1998. Different kinds of mangrove
forests provide different goods and services. Glob Ecol Bioge-
ogr Lett 7:83-94.

Fang C, Moncrieff JB. 2001. The dependence of soil CO2 efflux
on temperature. Soil Biol Biochem 33:155-65.

Feller IC. 1995. Effects of nutrient enrichment on growth and
herbivory of dwarf red mangrove (Rhizophora mangle). Ecol
Monogr 65:477-505.

Feller IC, Whigham DF, McKee KL, Lovelock CE. 2003. Nitrogen
limitation of growth and nutrient dynamics in a mangrove
forest, Indian River Lagoon, Florida. Oecologia 134:405-14.

Feller IC, Whigham DF, McKee KL, O‘Neill JP. 2002. Nitrogen
vs. Biogeochemistry 62:145-75.

Furukawa K, Wolanski E, Mueller H. 1997. Currents and sedi-
ment transport in mangrove forests. Estuar Coast Shelf Sci
44:301-9.

Giardina CP, Ryan MG. 2000. Evidence that decomposition rates
of organic carbon in mineral soil does not vary with temper-
ature. Nature 404:858-61.

Giardina CP, Ryan MG. 2002. Soil surface CO, efflux, litterfall
and total belowground carbon allocation in a fast growing
Eucalyptus plantation. Ecosystems 5:487-99.

Giardina CP, Ryan MG, Binkley D, Fownes JH. 2003. Primary
production and carbon allocation in relation to nutrient sup-
ply in a tropical experimental forest. Glob Change Biol
9:1438-50.

Golley FB, McGinnis JT, Clements RT, Child G1, Duever MJ.
1975. Mineral cycling in a tropical moist forest ecosystem.
Athens: University of Georgia Press.

Grace J, Rayment M. 2000. Respiration in the balance. Nature
404:819-20.

Green EP, Clark CD, Mumby PJ, Edwards AJ, Ellis AC. 1998.
Remote sensing techniques for mangrove mapping. Int J Re-
mote Sens 19:935-56.

Guzman HM, Barnes PAG, Lovelock CE, Feller IC. 2005. A site
description of the CARICOMP mangrove, seagrass and coral
reef sites in Bocas del Toro, Panama. Caribb J Sci 41:430-40.

Hogberg P, Nordgren A, Buchmann N, Taylor AFS, Ekblad A,
Hogberg M, Nyberg G, Ottosson-Lofvenius M, Read DJ. 2001.
Large-scale forest girdling shows that current photosynthesis
drives soil respiration. Nature 411:789-90.

Howes BL, Dacey JWH, Teal JM. 1985. Annual carbon miner-
alization and belowground production of Spartina alternijlora
in a New England salt marsh. Ecology 66:595-605.

Hutchings P, Saenger P. 1987. Ecology of mangroves. St Lucia,
Brisbane, Australia: University of Queensland Press.

Janssens IA, Pilkegaard K. 2003. Large seasonal changes in Q¢ of
soil respiration in a beech forest. Glob Change Biol 9:911-8.

Jianwu Tang, Baldocchi DD, Liukang Xu. 2005. Tree photo-
synthesis modulates soil respiration on a diurnal time scale.
Glob Change Biol 11:1298-304.

Joye SB, Lee RY. 2004. Benthic microbial mats: important
sources of fixed nitrogen and carbon to the Twin Cays, Belize
ecosystem. Atoll Res Bull 528:1-24.

Komiyama A, Ogina K, Aksornkoae S, Sabhasri S. 1987. Root
biomass of a mangrove forest in southern Thailand. 1. Esti-
mation by the trench method and the zonal structure of root
biomass. J Trop Ecol 3:97-108.

Kuzyokov Y. 2002. Separating microbial respiration of exudates
from root respiration in non-sterile soils: a comparison of four
methods. Soil Biol Biochem 34:1621-31.

Lee RY, Joye SB. 2006. Patterns and controls on nitrogen fixa-
tion and denitrification in intertidal soils of a tropical oceanic
mangrove island. Mar Ecol Prog Ser 307:127-41.

Lloyd J, Taylor JA. 1994. On the temperature dependence of soil
respiration. Funct Ecol 8:315-23.

Lovelock CE, Feller IC, Ball MC, Ellis J, Sorrell B. 2007. Testing
the Growth Rate vs. Geochemical Hypothesis for latitudinal
variation in plant nutrients. Ecol Lett 10:1154-63.

Lovelock CE, Feller IC, Ellis J, Schwarz AM, Hancock N, Nichols
P, Sorrell B. 2007. Mangrove growth in New Zealand estuar-
ies: the role of nutrient enrichment at sites with contrasting
rates of sedimentation. Oecologia 153:633-41.

Lovelock CE, Feller IC, McKee KL, Engelbrecht BM, Ball MC.
2004. The effect of nutrient enrichment on growth, photo-
synthesis and hydraulic conductance of dwarf mangroves in
Panama. Funct Ecol 18:25-33.

Lovelock CE, Feller IC, McKee KL, Thompson R. 2005. Variation
in mangrove forest structure and soil characteristics in Bocas
del Toro, Republic of Panama. Caribb J Sci 41:456-64.

Lovelock CE, Ruess RW, Feller IC. 2006. Fine root respiration in
the mangrove Rhizophora mangle over variation in forest stat-
ure and nutrient availability. Tree Physiol 26:1601-6.

Lugo AE. 1997. Old-growth mangrove forests in the United
States. Conserv Biol 11:11-20.

Lugo AE, Snedaker SC. 1974. The ecology of mangroves. Ann
Rev Ecol System 5:39-64.

Macintyre IG, Littler MM, Littler DS. 1995. Holocene history of
Tobacco Range, Belize, Central America. Atoll Res Bull 43:1-18.

Manson FJ, Loneraganc NR, Phinn SR. 2003. Spatial and tem-
poral variation in distribution of mangroves in Moreton Bay,
subtropical Australia: a comparison of pattern metrics and
change detection analyses based on aerial photographs. Estuar
Coast Shelf Sci 57:653-66.

McKee KL. 1996. Growth and physiological responses of neo-
tropical mangrove seedlings to root zone hypoxia. Tree
Physiol 16:883-9.

McKee KL. 2001. Root proliferation in decaying roots and old
root channels: a nutrient conservation mechanism in oligo-
trophic mangrove forests?. J Ecol 89:876-87.

McKee KL, Cahoon DR, Feller IC. 2007. Caribbean mangroves
adjust to rising sea level through biotic controls on change in
soil elevation. Glob Ecol Biogeogr 16:545-56.

McKee KL, Faulkner PL. 2000. Mangrove peat analysis and
reconstruction of vegetation history at the Pelican Cays, Be-
lize. Atoll Res Bull 48:46-58.

McKee KL, Feller IC, Popp M, Wanek W. 2002. Mangrove iso-
topic fractionation (8'°N and 8'>C) across a nitrogen versus
phosphorus limitation gradient. Ecology 83:1065-75.

Melillo JM, Steudler PA, Aber JD, Newkirk K, Lux H, Bowles FP,
Catricala C, Magill A, Ahrens T, Morrisseau S. 2002. Soil
warming and carbon-cycle feedbacks to the climate system.
Science 298:2173-217.

Middleburg JJ, Nieuwenhuize J, Slim FJ, Ohowa B. 1996. Sed-
iment biogeochemistry in an East African mangrove forest
(Gazi Bay, Kenya). Biogeochem 34:133-55.

Potts M. 1979. Nitrogen fixation (acetelene reduction) associated
with communities of heterocystous and nonheterocystous
bluegreen algae in mangrove forests of Sinai. Oecologia
39:359-73.

Raich JW. 1998. Aboveground productivity and soil respiration
in three Hawaiian rain forests. For Ecol Manage 107:309-18.



354 C. E. Lovelock

Raich JW, Nadelhoffer KJ. 1989. Belowground carbon allocation
in forest ecosystems: global trends. Ecology 70:1346-54.

Raich JW, Schlesinger WH. 1992. The global carbon dioxide flux
in soil respiration and its relationship to vegetation and cli-
mate. Tellus 44B:81-99.

Raich JW, Tufekcioglu A. 2000. Vegetation and soil respiration:
correlations and controls. Biogeochemistry 48:71-90.

Robertson Al Alongi DM, Boto KG. 1992. Foodchains and carbon
fluxes. In: Roberston Al, Alongi DM, Eds. Tropical mangrove
ecosystems. Coastal and Estuarine Studies 41. Washington DC,
USA: American Geophysical Union. pp 293-326.

Robertson Al, Dixon P. 1993. Separating live and dead fine roots
using colloidal silica: an example from mangrove forests. Plant
Soil 157:151-4.

Ruess RW, Hendrick RL, Burton AJ, Pregitzer KS, Sveinbjorns-
son B, Allen MF, Maurer G. 2003. Coupling fine root
dynamics with ecosystem carbon cycling in black spruce for-
ests of interior Alaska. Ecol Monogr 74:643-62.

Rustad LE, Thomas G, Huntington M, Boone RD. 2000. Controls
on soil respiration: implications for climate change. Biogeo-
chemistry 48:1-6.

Saenger P, Snedaker SC. 1993. Pantropical trends in mangrove
above-ground biomass and annual litterfall. Oecologia
96:293-329.

Schlesinger WH, Andrews JA. 2000. Soil respiration and the
global carbon cycle. Biogeochemistry 48:7-20.

Schories D, Muhlig U. 2000. CO, gas exchange of benthic mci-
roalgae during exposure to air: a technique for the rapid
assessment of primary production. Wetl Ecol Manag 8:273-80.

Schwarz AM. 2004. Contribution of photosynthetic gains during
tidal emersion to production of Zostera capricorni in a North
Island, New Zealand estuary. New Zeal J Mar Fresh Res
38:809-18.

Spalding MD, Balsco F, Field CD. 1997. World mangrove atlas.
The International Society for Mangrove Ecosystems. Japan:
Okinawa.

Twilley RR. 1985. The exchange of organic carbon in basin
mangrove forests in a southwest Florida estuary. Estuar Coasl
Shelf Sci 20:543-7.

Twilley RR, Chen RH, Hargis T. 1992. Carbon sinks in man-
groves and their implications to carbon budget of tropical
coastal ecosystems. Water Air Soil Poll 64:265-88.

Twilley RR, Lugo AE, Patterson-Zucca C. 1986. Litter production
and turnover in basin mangrove forests in southwest Florida.
Ecology 67:670-83.

Underwood GJC, Perkins RG, Consalvey M, Hanlon ARM, Ox-
borough K, Paterson DM. 2005. Patterns in microphytoben-
thic primary productivity: species-specific variation in
migratory rhythms and photosynthesis in mixed species bio-
films. Limnol Oceanogr 50:755-76.

Valentini R, Matteucchi G, Dolman H, Schulze E-D, Rebmann C,
Moors EJ, Granier A, Gross P, Jensen NO, Pilgaard K, Lindroth
A, Grelle A, Bernhofer C, Griinwald T, Aubinet M, Ceulemans
R, Kowalski AS, Vesala T, Rannik ii, Berbigier P, Lousteau D,
Gudmundsson J, Thorgairsson H, Ibrom A, Morgenstern K,
Clement R, Moncrieff J, Montagnani L, Minerbi S, Jarvis PG.
2000. Respiration as the main determinant of carbon balance
in European forests. Nature 404:861-5.

Valiela I, Bowen JL, York JK. 2001. Mangrove forests: one of the
world’s threatened major tropical environments. BioScience
51:807-81.

Vazquez P, Holguin G, Puente ME, Lopez-Cortes A, Bashan Y.
2000. Phosphate-solubilizing microorganisms associated with
the rhizosphere of mangroves in a semiarid coastal lagoon.
Biol Fert Soils 30:460-8.

Xu M, Qi Y. 2001. Spatial and seasonal variations of Q;, deter-
mined by soil respiration measurements at a Sierra Nevadan
forest. Glob Biogeochem Cycl 15:687-96.



	Outline placeholder
	Abstract
	Introduction
	Materials and Methods

	Tab1
	Tab1
	Results
	Links Between Aboveground Productivity and Soil Respiration
	Conclusions

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


