
BGD
11, 6019–6037, 2014

The temperature
sensitivity of organic
matter decay in tidal

marshes

M. L. Kirwan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Biogeosciences Discuss., 11, 6019–6037, 2014
www.biogeosciences-discuss.net/11/6019/2014/
doi:10.5194/bgd-11-6019-2014
© Author(s) 2014. CC Attribution 3.0 License.

O
pen A

ccess

Biogeosciences
Discussions

This discussion paper is/has been under review for the journal Biogeosciences (BG).
Please refer to the corresponding final paper in BG if available.

The temperature sensitivity of organic
matter decay in tidal marshes

M. L. Kirwan1, G. R. Guntenspergen2, and J. A. Langley3

1Virginia Institute of Marine Science, Gloucester Point, VA, USA
2US Geological Survey, Patuxent, MD, USA
3Villanova University, Villanova, PA, USA

Received: 1 April 2014 – Accepted: 11 April 2014 – Published: 28 April 2014

Correspondence to: M. L. Kirwan (kirwan@vims.edu)

Published by Copernicus Publications on behalf of the European Geosciences Union.

6019

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/6019/2014/bgd-11-6019-2014-print.pdf
http://www.biogeosciences-discuss.net/11/6019/2014/bgd-11-6019-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 6019–6037, 2014

The temperature
sensitivity of organic
matter decay in tidal

marshes

M. L. Kirwan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Approximately half of marine carbon sequestration takes place in coastal wetlands,
including tidal marshes, where ecosystems accumulate organic matter to build soil el-
evation and survive sea level rise. The long-term viability of marshes, and their carbon
pools, depends in part on how the balance between productivity and decay responds5

to climate change. Here, we report the sensitivity of soil organic matter decay in tidal
marshes to seasonal and latitudinal variations in temperature measured over a 3 year
period. We find a moderate increase in decay rate at warmer temperatures (3–6 % ◦C−1,
Q10 = 1.3–1.5). Despite the profound differences between microbial metabolism in wet-
lands and uplands, our results indicate a strong conservation of temperature sensitivity.10

Moreover, simple comparisons with organic matter production suggest that elevated
atmospheric CO2 and warmer temperatures will accelerate carbon accumulation in
marsh soils, and enhance their ability to survive sea level rise.

1 Introduction

Coastal marshes are among the most productive ecosystems on Earth and bury car-15

bon at rates approximately an order of magnitude faster than terrestrial forest soils on
a per area basis (Duarte et al., 2005). The high productivity of marsh vegetation pro-
tects coastal regions by dissipating energy associated with storms, traps mineral sedi-
ment and pollutants, supports marine fisheries, and sequesters carbon (Barbier et al.,
2011). However, marshes are submerging at rates faster than they can transgress in-20

land in several regions of the world, and there is widespread concern over their ability
to survive faster rates of sea level rise in the future (Kirwan et al., 2010). Organic mat-
ter accumulation is a primary mechanism regulating marsh elevation, particularly in
the sediment-deficient estuaries most vulnerable to sea level rise (Turner et al., 2000;
Langley et al., 2009; Nyman et al., 2006; Neubauer, 2008). Thus, the fate of these25

ecosystem services under future sea-level rise depends largely on the balance be-
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tween organic matter production and decay, and how it will respond to climatic warming
and other global change drivers.

Complex interactions between soil elevation relative to sea level and vegetation char-
acteristics control the response of coastal carbon pools to climate change (Kirwan and
Mudd, 2012; Langley and Megonigal, 2010). Long term elevated CO2 experiments5

demonstrate a sustained increase in belowground organic matter production (Erickson
et al., 2007), and an increase in the rate of marsh elevation gain that can counteract
the effects of sea level rise in brackish marshes dominated by C3 plants (Langley et al.,
2009). Warming may have a similar impact on salt marshes dominated by C4 plants,
where enhanced aboveground productivity would presumably lead to enhanced min-10

eral sediment deposition (Charles and Dukes, 2009; Kirwan et al., 2009; Gedan et al.,
2011; Mudd et al., 2010). Moderate increases in flooding frequency associated with
sea level rise may increase rates of above and belowground productivity in both salt
and brackish marshes (Morris et al., 2002; Kirwan and Guntenspergen, 2012) without
altering decomposition rates (Blum and Christian, 2004; Kirwan et al., 2013). Together,15

these processes may increase the amount of carbon buried in the coastal zone over
the next few decades (Kirwan and Mudd, 2012).

Accelerated rates of soil organic matter decomposition largely offset increases in
biomass production associated with elevated CO2 and warmer temperatures in ter-
restrial ecosystems (Davidson and Janssens, 2006; Conant et al., 2011). However, the20

extent to which warmer temperatures accelerate decomposition in wetland ecosystems
is virtually unknown. Many terrestrial ecosystems yield a similar temperature sensitivity
(Q10 = 1.3–1.5) for ecosystem respiration (Mahecha et al., 2010). Preliminary experi-
ments designed to measure decomposition sensitivity to warming in marshes have
yielded results ranging from no sensitivity (Charles and Dukes, 2009) to a Q10 greater25

than many terrestrial studies (Kirwan and Blum, 2011). However, these previous studies
examined decomposition of aboveground litter placed above the soil surface whereas
the organic matter inputs that sustain tidal wetlands and contribute to carbon burial are
primarily belowground and subjected to a fundamentally different physiochemical envi-
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ronment (Nyman et al., 2006; Cherry et al., 2009). Therefore, a poor understanding of
the impact of warming on organic matter decay limits our ability to predict how marshes
and their carbon pools will respond to interacting components of climate change.

Here, we use temperature gradients through space and time to assess the temper-
ature sensitivity of decomposition rates in tidal marsh soils and find that Q10 values5

are much lower than previously reported, but consistent with results from terrestrial
ecosystems.

2 Methods

2.1 Latitudinal gradient experiment

We estimated the rate of cellulose decomposition at 14 sites along a latitudinal gra-10

dient from South Carolina to Nova Scotia. Each site is mesohaline, and located at an
elevation where Spartina patens and Schoenoplectus americanus converge (Fig. 1a).
The loss of tensile strength in standardized cellulose material, such as cotton strips, is
a widely used proxy for labile decay in soils of many ecosystems since cellulose com-
prises about 70 % of the organic material in plants (Harrison et al., 1988; Mendelssohn15

et al., 1999; Slocum et al., 2009). The use of a standardized material eliminates vari-
ations in substrate quality that potentially influence decomposition, helping to isolate
the effect of environmental factors such as temperature across a latitudinal gradient.
Following typical cotton strip assay methods for wetlands (Mendelssohn et al., 1999;
Slocum et al., 2009), we inserted 30 cm strips of artist canvas into the marsh soil verti-20

cally, and left them in the ground for 5–20 days depending on the initial soil temperature
(longer for cooler locations) so that the loss of tensile strength ranged between 50–75 %
of their initial tensile strength. Control strips were installed at the same time as the sam-
ple strips but removed immediately. Upon retrieval, each strip was washed in deionized
water to remove soil particulate material, and air dried to a constant weight. Strips were25

then cut into 2 cm wide increments, and analyzed on a Dillon Quantrol Snapshot ten-
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siometer to measure tensile strength and loss of tensile strength. Soil temperature was
measured at 4 cm depth at the beginning and end of each deployment, and averaged
together. The experiment was repeated in 2008, 2009, and 2010.

2.2 Seasonal warming experiment

In a second experiment, we deployed bags containing soil organic matter to measure5

the influence of seasonal temperature warming on decomposition. This experiment
was done at our Blackwater River site (38.41◦ N, 76.08◦ E) near the midpoint of the lat-
itudinal gradient. The Blackwater marshes are microtidal (astronomical tides< 50 cm),
mesohaline, and dominated by the C3 macrophyte, Schoenoplectus americanus. Fol-
lowing Kirwan et al. (2013), decomposition bags were 6cm×6cm×1 cm, constructed10

of a non-reactive synthetic membrane with 5 um pore size, and contained approxi-
mately 3.5 g of S. americanus roots and rhizomes. To better understand the effects of
organic matter quality on sensitivity of decay to temperature, we used two sources of
soil organic matter, each dried at 40 ◦C, milled and homogenized. In one set of exper-
iments, we used S. americanus root and rhizome material harvested from a previous15

mesocosm experiment (Kirwan and Guntenspergen, 2012). In the other set of experi-
ments, we used S. americanus root and rhizome material collected from the adjacent
marshland in February 2012. Sets of 5 decomposition bags of each organic material
source were deployed at approximately monthly intervals from 11 April 2012 through
7 January 2013. Decomposition bags were oriented so that they were exposed to the20

upper 6 cm of the soil profile. To understand the relationship between cotton strip ten-
sile strength loss and native organic material mass loss, sets of 5 cotton strips were
deployed concurrently with the decomposition bags. At the end of each monthly in-
terval, soil organic matter bags and cotton strips were retrieved, dried at 40 ◦C, and
weighed to measure mass loss or analyzed for tensile strength loss. Continuous soil25

temperature measurements were made with Hobo Pendant thermometer data loggers
inserted in the soil at 4 cm depth.
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2.3 Analytical methods

The decomposition of cotton strip material was calculated as the loss of tensile strength
in deployed strips relative to the control strips, and divided by the duration of each ex-
periment (i.e. percent loss per day) (Slocum et al., 2009). Tensile strength loss mea-
surements in the upper 6 cm of each strip were averaged together to determine an5

average rate of tensile strength loss near the soil surface (i.e. 0–6 cm) that could be
directly compared with mass loss of decomposition bags. Measurements of mass loss
in decomposition bags were converted to decay coefficients to account for subtle differ-
ences in initial bag weight and duration of experiments. According to linear decay, the
decay coefficient k = (− ln(Ct/Co))/t where Co and Ct are the mass of organic matter10

at the beginning and end of the experiment, and t is the duration of the experiment.
Results from replicate cotton strips and decomposition bags were averaged together,
and then compared to soil temperature via regression. Following Arrhenius kinetics, we
used an exponential function to describe the relationship between decay rate, k and
temperature, T (e.g. Davidson and Janssens, 2006). Analysis of covariance revealed15

that the relationship between mass loss and soil temperature for the two organic ma-
terial sources was not significantly different (p = 0.87), so data from both sources was
combined. We used linear regression to relate loss of tensile strength in cotton strips
to mass loss in the decomposition bags for the seasonal warming experiment at our
Blackwater study site, and used this relationship to calibrate the latitudinal gradient in20

tensile strength loss to units of mass loss. Finally, Q10 values were calculated according
to Q10 = e10a where a = ln(k)/T (Langley et al., 2005).

3 Results

In the latitudinal experiment, average soil temperatures during each deployment pe-
riod varied from 13 ◦C at the Kouchibouguac (Nova Scotia) study site to 29 ◦C at the25

Blackwater (Maryland) study site (Fig. 1). Cellulose strips lost tensile strength at rates
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ranging from 1.1 %day−1 to 6.5 %day−1, where the variation was positively and signifi-
cantly correlated with soil temperature (r = 0.83, p < 0.01) (Fig. 1b). Although we only
measured soil temperature at one depth (4 cm), tensile strength loss at all soil depths
(0–20 cm) increased with temperature according to an exponential function similar to
that observed near the soil surface (Fig. 1b). The relationship between temperature5

and decay rate was similar in 2008, 2009, and 2010 (Fig. 1b).
In the seasonal warming experiment, soil temperatures ranged from 26.6 ◦C in Au-

gust 2011 to 6.8 ◦C in January 2012 which encompass the temperature range of the
latitudinal experiment (Fig. 2a). Both indices of decay followed seasonal variations in
soil temperature (Fig. 2a), where cotton strips lost tensile strength at rates between10

1.1 %day−1 (winter) and 2.8 %day−1 (summer), and decomposition bags lost mass ac-
cording to decay coefficients between 0.003 day−1 and 0.007 day−1 (Fig. 2b). Other en-
vironmental factors including precipitation (r = 0.52, p = 0.12) and flooding frequency
(r = 0.46, p = 0.18) were not significantly correlated with decomposition rates (Fig. 2a).
Finally, the loss of tensile strength in cotton strips was significantly related to mass loss15

of the decomposition bags in the seasonal experiment (r = 0.63, p = 0.04) (Fig. 2c), al-
lowing us to calibrate the tensile strength data from the latitudinal experiment in terms
of mass loss.

Both experimental approaches demonstrate a consistent relationship between tem-
perature and organic matter decomposition rate. In the seasonal warming experiment,20

organic matter decay was significantly and positively correlated (r = 0.74, p = 0.01)
with soil temperature, equivalent to a 3.0 % increase in decay rate per ◦C, and a Q10
value of 1.27 (Fig. 3a). Decay coefficients estimated from the calibrated cotton strip
measurements across latitude were also significantly related to the temperature at
each study site (r = 0.81, p = 0.003), where decay coefficients increased from 0.00425

to 0.010 day−1, equivalent to a 5.6 % increase in decay rate per ◦C, and a Q10 value of
1.51 (Fig. 3b).
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4 Discussion

Each of our decomposition experimental approaches has important limitations. For ex-
ample, our latitudinal experiments were conducted with standardized cellulose material
not necessarily reflective of native soil organic matter. Sites were selected without re-
gard to environmental factors that could obscure or complicate trends with latitude,5

such as flooding frequency, tidal range, or nutrient availability. The seasonal experi-
ments suffer from lack of generality since they were conducted at a single site, soil
depth, and in a single year. However, the parallel experiments complement each other
and relieve many of the potential issues in either individual approach. For example, the
seasonal experiment at a single site controls for environmental factors that could vary10

along the latitudinal gradient, and uses native root and rhizome material. The latitudi-
nal experiment confirms that the sensitivity of decomposition to temperature measured
near the soil surface also applies at depth, is similar from year-to-year, and that the
relationship between temperature and decay measured at one site is more generally
applicable to brackish marshes along the Atlantic Coast.15

Our measurements of root and rhizome decay in the seasonal experiment (k =
0.003–0.007 day−1 or k = 1.1–2.6 yr−1) and in the calibrated latitudinal gradient (k =
0.004–0.010 day−1 or k = 1.5–3.7 yr−1) are similar to other short-term measurements
of decay rate, suggesting that our experimental design adequately measured the early
stages of decay. For example, Kirwan and Blum (2011) reported decay coefficients be-20

tween 1.5 and 5.9 yr−1 in a similar seasonal experiment, and Christian (1984) reported
decay coefficients between 1.0 and 9.1 yr−1 from 11 marshes throughout the United
States. Our rates are similar, but slightly lower, perhaps reflecting their use of above-
ground material from the salt marsh plant species S. alterniflora. Our decay rates are
higher than for root and rhizome decomposition measured over longer durations at25

our study site (k = 0–0.38 yr−1) (Kirwan et al., 2013) and elsewhere in the mid-Atlantic
(k = 0.11–0.51 yr−1 ; k = 0.25–0.57 yr−1) (Blum and Christian, 2004; Windham, 2001)
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because our monthly measurements include only the most rapid, initial phases of decay
(i.e. leaching of soluble compounds and decomposition of cellulose) (Valiela, 1985).

The goal of this research was to measure the sensitivity of wetland decomposition to
temperature, rather than to quantify the long-term rate of decay itself. The regressions
in Fig. 3 imply a 3 % and 6 % increase in decay rate per ◦C in the seasonal and lati-5

tudinal experiments, respectively. Our results therefore confirm that temperature plays
a significant role in wetland decomposition rates, contrasting early experimental find-
ings (Charles and Dukes, 2009), but suggest a much lower sensitivity than previously
reported (Kirwan and Blum, 2011). Previous experiments reporting a 20 % per ◦C sen-
sitivity were based on similar observations of monthly decay throughout the growing10

season but were conducted with above-ground portions of S. alterniflora plants placed
directly on the soil surface in a rarely flooded salt marsh (Kirwan and Blum, 2011).
In contrast, the sensitivity we report here (Q10 = 1.3–1.5) is within the range of esti-
mated temperature sensitivities of greenhouse gas emissions from a freshwater wet-
land (Q10 = 1.3–3.6) (Inglett et al., 2012).15

In addition to implications for viability of coastal wetlands, the results provide in-
sight into climate-carbon cycle feedbacks, which have rarely been examined in wet-
lands. Decomposition studies in uplands have yielded a wide range of temperature
sensitivities (Craine et al., 2013), begetting a large uncertainty in the strength of the
climate-carbon feedback. The temperature sensitivity of decomposition in wetlands is20

particularly important in future climate because wetlands sequester carbon at rates
an order of magnitude faster than upland ecosystems (Mcleod et al., 2011). However,
increasing temperatures could accelerate decomposition rates and slow or potentially
reverse the wetland carbon sink. The temperature sensitivities we report agree gener-
ally with a global average temperature sensitivity of respiration derived from ecosys-25

tem flux measurements over mostly upland sites (Q10 = 1.3–1.5) (Bond-Lamberty and
Thomson, 2010; Mahecha et al., 2010). That we find similar temperature sensitivity
in such a physiochemically distinct environment, and with a different experimental ap-
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proach supports the idea that there may be fundamental determinants to temperature
sensitivity of ecosystem carbon loss (Allison et al., 2010).

The sensitivity of decomposition to warming in upland soils may ultimately depend
on the production and diffusion rates of carbon substrates to soil microbes, which can
be limited by water availability (Davidson et al., 2006). Q10 estimates based on tem-5

perature fluctuations are confounded because fluctuations in soil water often correlate
with soil temperature. Therefore, Q10 studies in saturated wetland soils offer unique
insight because diffusion of dissolved carbon substrates is not limited by water avail-
ability. However, soil microbes in wetlands consume oxygen more rapidly than it can
be replenished through diffusion from the atmosphere. The resulting scarcity of oxy-10

gen reduces decomposition rates, allowing organic matter to accumulate in wetland
soils. Even though anaerobic metabolism, which dominates organic matter decompo-
sition in many wetland soils, may operate in absence of available molecular oxygen,
the oxidative status of the alternate electron acceptors, and therefore the efficiency of
metabolism, still ultimately depends on interaction with available oxygen (Megonigal15

et al., 2003). If oxygen diffusion represents the rate-limiting step in decomposition of
wetland soil organic matter, then the temperature dependence of wetland decomposi-
tion should resemble the temperature dependence of oxygen diffusion. Based on an
empirical relationship between oxygen diffusivity in water and temperature (Han and
Bartels, 1996), Fig. 4 illustrates that the Q10 of oxygen diffusivity (1.2–1.4) matches20

our measurements of Q10 for decomposition (1.3–1.5). Moreover, the Q10 of oxygen
diffusivity declines with increasing temperature, as do Q10 values for respiration across
a wide range of ecosystem types (Lloyd and Taylor, 1994).

Soil carbon accumulation is a primary mechanism regulating marsh elevation and
the vulnerability of marshes to sea level rise (Turner et al., 2000; Langley et al., 2009;25

Nyman et al., 2006; Neubauer, 2008). Manipulative experiments indicate that warmer
temperatures and moderate increases in rates of sea level rise tend to increase organic
matter production (Gedan et al., 2011; Kirwan and Guntenspergen, 2012). Elevated
CO2 experiments indicate a sustained increase in rates of C3 organic matter production
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and marsh elevation gain (Erickson et al., 2007; Langley et al., 2009), but do not facil-
itate the warming and higher decomposition rates that are likely to accompany higher
greenhouse gas concentrations. Our results indicate that belowground organic matter
in C3 dominated marshes is indeed sensitive to temperature but suggest the sensitivity
of decomposition is relatively small compared to climate factors that influence produc-5

tion (Fig. 5). These simple comparisons do not include important long-term constraints
on the concentration of carbon within a wetland soil (Kirwan and Mudd, 2012), changes
in carbon quality (Ball and Drake, 1997), or various feedbacks between climate, biota
and sea level rise (Wolf et al., 2007; Weston et al., 2011; Kirwan and Mudd, 2012).
Nevertheless, the relatively low sensitivity of decomposition to temperature adds qual-10

itative support to the idea that marshes will become more efficient carbon sinks under
climate change, and therefore more resilient to sea level rise.
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Fig. 1. (a) Map of deployment locations for the latitudinal cotton strip experiment. Star denotes
location of seasonal warming experiment, and 4 cotton strip deployment sites in the vicinity of
the Blackwater and Transquaking Rivers, MD. (b) Relationship between soil temperature and
cotton strip tensile strength loss measured across the latitudinal gradient in 2008 (triangles),
2009 (squares), and 2010 (diamonds). The markers and solid trend line correspond to tensile
strength loss measurements averaged over the upper 6 cm of the soil profile. Dashed lines
without markers indicate regression lines between soil temperature and tensile strength loss
measured at 0–2 cm, 8–10 cm, and 18–20 cm below the soil surface, and suggest the relation-
ship varies only slightly with depth.
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Fig. 2. Temperature change and its effect on decay in seasonal Blackwater experiments. (a)
Environmental conditions during each experiment. (b) Variation in decay rate throughout the
experiments measured by cotton strips (% loss of tensile strength day−1, gray circles) and
decomposition bags (k, yr−1, red circles). (c) relationship between cotton strip tensile strength
loss and the decay coefficients measured in the decomposition bags.
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Fig. 4. The diffusivity of O2 in water and the temperature sensitivity of diffusivity expressed as
Q10. Diffusivity is estimated from an empirical formula: log10(Diffusivity) = −4.410+773.8/T −
(506.4/T )2 where D is diffusivity in cm2 s−1 and T is temperature in Kelvin (Han and Bartels,
1996). The Q10 was calculated as diffusivity at T divided by the diffusivity at (T −10). Because
the observed relationship between diffusivity and temperature deviates from exponential, the
calculated Q10 decreases as temperature increases.
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Fig. 5. Response of marsh organic matter production (green bars) and decomposition (red bar)
to predicted climate change. Dark green bars represent response of Schoenoplectus ameri-
canus marsh to elevated CO2 (720 ppm), light green bars represent response of Spartina al-
terniflora and S. patens marshes to elevated temperatures (+3 ◦C). Red bar represents decom-
position response to 3 ◦C warming, which we assume is roughly equivalent to an increase in
[CO2] from 380–720 ppm. Data sources from left to right: Schoenoplectus americanus shoots
(Langley et al., 2009), S. americanus roots (Langley et al., 2009), S. americanus shoots and
roots (Erickson et al., 2007), Spartina alterniflora shoots (Kirwan et al., 2009), S. alterniflora
shoots (Gedan et al., 2011), S. patens shoots (Gedan et al., 2010).
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