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Abstract
Ecosystem responses to temperature and moisture influence whether terrestrial
ecosystems act as sources or sinks of atmospheric CO2, an important greenhouse gas. Soil
respiration—defined here as microbial release of CO2 during decomposition—is a key
process of CO2 release to the atmosphere. This study focused on the response of soil
respiration to temperature, moisture, and their interaction, and developed quantitative
models to describe the nature of this interactive effect. This study addressed several under‐
examined components of the temperature and moisture effect on C and N dynamics:
organic soils, multiple soil layers, a broad range of moistures, and a relevant, low‐
temperature range. Samples of upper and lower forest floor organic‐horizon layers were
collected from a mature conifer stand on the Olympic Peninsula in Washington State. Two
experiments were conducted in which the soil samples were incubated at four
temperatures (5.8–19.4°C) for up to four months, during which respiration was measured
repeatedly. Because suboptimal moistures were expected to limit soil respiration, one
experiment examined low soil moisture contents (<230% moisture) and the other high soil
moisture contents (200–500% moisture). The lower organic layer had a lower C:N ratio and
lower net N immobilization rate than the upper organic layer. The lower organic layer
respiration rate was 25–45% of upper organic layer respiration at all temperature–moisture
levels, but the response of the two layers to temperature and moisture was similar.
Respiration increased with temperature under all moisture conditions, and Q10 ranged from
1.3 at 100% moisture to 1.9 at 220% moisture, and averaged 2.0 at higher moistures.
Respiration demonstrated a saturating response to soil moisture. It increased an average of
iv

1.4‐fold as moisture increased from 100 to 220%, but was nearly constant at higher
moistures. At the low moistures, the respiration response to moisture increased with
increasing temperature. This respiration response was best described in regression models
by a complex temperature–moisture interaction comprised of varying multiplicative effects.
Long‐term global C budget models, such as CENTURY and Rothamsted, currently assume a
simple interactive effect comprised of a constant multiplicative effect of temperature and
moisture on soil respiration; the models might be improved by inclusion of a more complex
interaction such as that observed in this study. However, further studies are first needed to
refine the equation(s) for describing this interaction, and to determine whether a single
equation can be used to adequately describe soil respiration in all soils and soil layers.
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1.

Introduction
This study examined the effects of temperature, moisture and their interaction on

soil respiration in an organic forest soil, and reviewed several different equations to
describe these effects quantitatively. The temperature and moisture effects on soil
respiration are of interest because soil respiration plays an important role in determining
the direction of the net carbon (C) flux between terrestrial ecosystems and the atmosphere.
Small increases in soil respiration rates due to climate change‐induced variations in
temperature and soil moisture may tip the C balance toward terrestrial ecosystems serving
as a net source of C to the atmosphere.

1.1

The Big Picture: Global Carbon Cycle and Climate Change
Soils and terrestrial ecosystems are important components of the global C cycle,

acting as both sinks and sources of C flux to the atmosphere. The earth contains
approximately 108 Pg C (petagram = 1015 g; equal to gigatonne [Gt]) in the following pools:
(1) the earth’s crust (90,000,000 Pg), (2) oceans (38,000–40,300 Pg), (3) fossil fuels (4,000
Pg), (4) soils and terrestrial biosphere (2,050–2,160 Pg), and (5) the atmosphere (750 Pg)
(Eswaran et al. 1993, Sundquist 1993). Typically, these C pools are kept in dynamic
equilibrium by biogeochemical cycles, but anthropogenic activities have resulted in shifts of
these C pools by 8.3 Pg C/year from fossil fuel burning and cement production, and 0.9 Pg
C/year from land use changes (including deforestation) for a cumulative anthropogenic
emission to the atmosphere of 555 Pg C since 1750 (IPCC 2013). Of this, 240 Pg C remain in
the atmosphere, 155 Pg C have transferred to the ocean, and 160 Pg C have accumulated in

terrestrial ecosystems (IPCC 2013), especially in northern temperate latitudes (Tans et al.
1990, Sundquist 1993, Ciais et al. 1995). Carbon enters terrestrial ecosystems through
photosynthesis and is released through autotrophic (shoot and root) respiration and
heterotrophic (soil) respiration. Plant C is transferred to soils through litterfall, root
turnover, and plant death, and this detrital C is then returned to the atmosphere through
soil respiration (i.e., heterotrophic respiration by soil microorganisms during organic matter
decomposition).
Alteration of C fluxes, including soil respiration, in terrestrial ecosystems can have a
major influence on C accumulation in the atmosphere. The combination of soil and root
respiration is one of the major fluxes in the global C cycle, second only to gross primary
productivity (i.e., photosynthesis). Net Ecosystem Carbon Balance (NECB) determines
whether terrestrial ecosystems act as net sources or sinks of C. NECB is defined as the net
rate of C accumulation or loss in ecosystems, and is determined by the balance of C fluxes
between gross primary productivity, autotrophic (root and plant) respiration, soil
respiration, leaching, volatilization, and fire (Chapin et al. 2006). In most ecosystems, the
largest component of NECB is net ecosystem productivity, the difference between net
primary productivity (gross primary productivity less plant aboveground and root
respiration) and heterotrophic respiration, primarily soil respiration. Estimates of these
fluxes range from 68–100 Pg C/year for total soil and root respiration (Dobson et al. 1989,
Raich and Schlesinger 1992) and 100–120 Pg C/year for gross primary productivity (Dobson
et al. 1989, Houghton and Woodwell 1989).
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Soil and root respiration account for the largest flux of C from ecosystems to the
atmosphere (Ryan and Law 2005), and soil respiration may be more important than primary
productivity as a control of ecosystem C exchange with the atmosphere (Valentini et al.
2000). Because of the size of these fluxes and similar rates at a global scale, relatively small
changes in soil respiration rates may alter the balance between soil respiration and primary
productivity, and lead to releases of stored C from ecosystems to the atmosphere (Schleser
1982, Raich and Schlesinger 1992, Rustad et al. 2000).
Increases in temperature and changes in precipitation patterns are predicted both
globally and in the Pacific Northwest, and these could have large impacts on rates of soil
respiration. The global average combined land and ocean surface temperature has thus far
increased by 0.65–1.06°C since 1880, and is estimated to increase by 0.3–4.8°C by the end
of the century, with greater warming over land than over the ocean (IPCC 2013). Averaged
over the mid‐latitude land areas of the Northern Hemisphere, precipitation has increased
significantly since 1951, and climate change models predict increases in mean precipitation
in many mid‐latitude wet regions by the end of this century (IPCC 2013). Observed
temperatures in the Pacific Northwest have increased by 0.2°C per decade since the 1950s,
and are predicted to increase by 1.6–5.4°C by the 2080s (Mote et al. 2008). Projected
precipitation changes are modest, but most models predict increases in winter precipitation
and decreases in summer precipitation (Mote et al. 2008).
Biological and chemical processes, such as soil respiration and nitrogen (N)
transformations, are strongly dependent on temperature (Hart and Perry 1999, Leiros et al.
3

1999, Rustad et al. 2001, Shaw and Harte 2001, Hart 2006, Van Meeteren et al. 2007).
Increased temperatures as a result of climate change may result in increasing microbial
activity and soil respiration, potentially contributing to a positive feedback to increased
atmospheric CO2 concentrations. The increased atmospheric CO2 concentrations leading to
increased global temperatures may result in increased soil respiration, which further
increases atmospheric CO2 concentrations (Raich and Schlesinger 1992, Hart and Perry
1999, Rustad et al. 2000, Fissore et al. 2009, Bruijn and Butterbach‐Bahl 2010, IPCC 2013).
Alternatively, if net primary productivity is more responsive to increased temperatures than
soil respiration, higher temperatures may spur increased plant growth, requiring additional
CO2 uptake for photosynthesis and C sequestration in plant tissues, increasing terrestrial C
storage and helping to offset further CO2 emissions in soils. Temperate, boreal and
tundra/alpine ecosystems hold more organic C than tropical ecosystems and may therefore
play a greater role in regulating or exacerbating the CO2 feedback loop (Schleser 1982). Only
by understanding the response of soil respiration to increasing temperature and changing
moisture can the fate of C storage in terrestrial ecosystems, and the balance of plant
productivity and soil respiration, be better understood and predicted.

1.2

Soil Respiration: State of Knowledge

1.2.1 Temperature
Soil respiration increases with temperature (e.g., Raich and Schlesinger 1992,
Howard and Howard 1993). Although a solid mechanistic understanding of how
temperature affects soil respiration is lacking, it is clear that, like other biochemical
4

reactions, respiration is strongly controlled by temperature. Low temperature limits
respiration through its effects on enzyme activity, including enzyme capacity, the affinity of
the enzyme for the substrate, and concentration gradients across cell membranes
(Davidson et al. 2006). Higher temperatures also change the forms of C that are available
for use by microbial communities (Waldrop and Firestone 2004). Despite the abundance of
studies examining the temperature dependence of soil respiration, no consensus on the
exact nature of this response has been determined; i.e., no single equation has been found
that describes the temperature response in all soils investigated. Although the temperature
effect is typically described by an exponential function, the exact form of the model as well
as the parameter values have not been agreed upon. The main reason for this is that
confounding and feedback effects, particularly soil moisture and substrate availability, have
not been taken into consideration (Kirschbaum 2006). Several studies that examined only
the temperature response of soil respiration have suggested that moisture, as an additional
controlling factor, needs to be included in future research (Kirschbaum 2000, Rustad et al.
2001, Kirschbaum 2006).

1.2.2 Moisture and Temperature–Moisture Interaction
Moisture can limit soil respiration at low and high moisture levels. Low moistures
cause a decrease in microbial activity, including respiration, through the reduced diffusion
of soluble substrates, reduced microbial mobility, which leads to limited access to
substrates, and a direct effect on microbial growth (Grant and Rochette 1994). At very high
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moistures, such as waterlogged soils or wetlands, microbial activity is limited by oxygen
deprivation due to reduced oxygen diffusion (Grant and Rochette 1994).
Many studies have identified significant effects of soil moisture on respiration rates
(Howard and Howard 1993, Azzalini and Diggle 1994, Shaver et al. 2006, Van Meeteren et
al. 2007, Chang et al. 2012, Guntinas et al. 2013), and several have found synergistic
interactive effects of moisture and temperature (Raich and Schlesinger 1992, Howard and
Howard 1993, Bowden et al. 1998, Leiros et al. 1999, Rey et al. 2005). While some studies
have found no significant effect of moisture on respiration rates (Edwards 1975, Howard
and Howard 1979, Fang and Moncrieff 2001, Waldrop and Firestone 2004), this is likely
because the moisture range examined was not sufficiently low or high to limit respiration.
Although most studies have found that temperature is a more important factor in
determining the rate of soil respiration than moisture, the addition of soil moisture
improves the predictive capability of models (Howard and Howard 1979, Raich and
Schlesinger 1992, Azzalini and Diggle 1994, Rey et al. 2005, Van Meeteren et al. 2007,
Klimek and Niklinska 2010, Guntinas et al. 2013), and at some sites with long dry periods,
moisture can act as the main factor influencing respiration rates (O’Connell 1990). In the
literature, the interactive effect of temperature and moisture on respiration is described as
a temperature‐dependent moisture effect (Howard and Howard 1979, Bowden et al. 1998,
Rey et al. 2005) or a moisture‐dependent temperature effect (Howard and Howard 1979,
Howard and Howard 1993, Shaver et al. 2006, Curiel Yuste et al. 2007, Van Meeteren et al.
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2007, Klimek and Niklinska 2010, Guntinas et al. 2013), although these descriptions are
simply different ways of describing the same synergistic interaction.

1.3

Nitrogen
Consideration of N dynamics in addition to C cycling is important when examining

ecosystem response to global climate change because the N cycle may provide a link
between C uptake by plants (net primary production) and C loss by soil respiration. The C
and N cycles are coupled through C:N ratios of the vegetation and the soil organic matter
pools, and fluxes between these pools (Shaver et al. 1992). The net C uptake of plants is
limited by N, which is primarily provided by N mineralization of the soil organic matter,
which is itself linked to soil respiration (organic matter decomposition) (Shaver et al. 1992).
As plants have higher C:N ratios than the soil organic matter, the transfer of N from the soil
organic matter (low C:N) to plants (high C:N) can increase the C storage of the system. The
response of N mineralization to temperature and soil moisture may mitigate the increase in
C loss from soil respiration if the mineralized N is taken up by plants that take in more C
than is lost by stimulation of soil respiration (Shaver et al. 1992, Kirschbaum 2006).
Conversely, increased litter production can result in N immobilization (i.e., negative N
mineralization), reducing plant productivity and net C intake (Kirschbaum 2006). In addition,
N availability may directly influence soil organic matter decomposition or the forms of C
available for use by microbial communities, and therefore C losses through soil respiration
(Hobbie and Vitousek 2000, Waldrop and Firestone 2004).

7

Both C and N mineralization are stimulated by climate change‐induced temperature
and precipitation changes, but factors other than temperature and moisture may also affect
N availability. Soil N mineralization rates and N availability are substantially controlled by
temperature, and net N mineralization rates increase with increasing temperature (e.g.,
Binkley et al. 1994, Peterjohn et al. 1994, Hart and Perry 1999). Moisture may also influence
the rate of N transformations (Stevenson 1985, Leiros et al. 1999, Rustad et al. 2001), but
perhaps to a lesser degree than temperature (Binkley et al. 1994, Van Meeteren et al.
2007). Interactive (synergistic) effects of moisture and temperature on N dynamics have
also been observed (Binkley et al. 1994, Rustad et al. 2001). Other factors that influence N
dynamics include season (Shaw and Harte 2001) and various measures of C availability,
including organic matter content, the ratio of labile to recalcitrant organic matter, substrate
quality, and/or C:N ratio of soil organic matter and surface litter (Stevenson 1986, Hart et al.
1994, Shaw and Harte 2001, Bruijn and Butterbach‐Bahl 2010). N mineralization was
influenced by vegetation type or biome in some studies (Binkley et al. 1994, Panikov 1999,
Shaw and Harte 2001, Fissore 2009), but not in others (Rustad et al. 2001). Because of the
potential influence of N on C cycling, it may be an important component to examine in
conjunction with the temperature and moisture controls of soil respiration.

1.4

Modeling Soil Respiration
Despite the complexity of soil respiration controls, many studies describe the

response of soil respiration with Q10 functions in which respiration responds exponentially
to increasing temperature. The Q10 temperature coefficient is the ratio of the respiration
8

rate at temperature T+10°C to the respiration rate at temperature T. Q10 itself is
temperature dependent, with higher Q10 coefficients at lower temperatures (Schleser 1982,
Lloyd and Taylor 1994, Kirschbaum 1995, Fang and Moncreiff 2001, Klimek and Niklinska
2010), and may also depend on moisture (Curiel Yuste et al. 2007, Klimek and Niklinska
2010, Guntinas et al. 2013).
Temperature and moisture can influence respiration through additive,
multiplicative, or complex effects. An additive effect occurs when an increase in
temperature causes the respiration rate to increase by the same absolute amount at all
moisture levels. With an additive effect, there is no interaction between the temperature
and moisture. A multiplicative effect occurs when an increase in temperature causes the
respiration rate to increase by the same proportion at all moisture levels. This indicates a
simple interaction between temperature and moisture. A complex effect occurs when an
increase in temperature causes the respiration rate to increase by different amounts and
different proportions at different moisture levels. This indicates a complex interaction
between moisture and temperature.
Thus far, no single equation has been found to describe the temperature and
moisture dependence of soil respiration of all soils. Equations including only additive effects
of temperature and moisture, multiplicative effects, and complex effects have been
reported as the best equation to describe the effects of temperature and moisture on soil
respiration in organic and mineral soils (see Appendix Table A9 for a summary of equations
reported in the literature). Differences in the coefficients or form of the equation that best
9

describes the response of soil respiration may be due to factors other than temperature and
moisture, including: organic soil C content (Kirschbaum 2000, Inclán et al. 2010, Chang et al.
2012); N content (Inclán et al. 2010, Chang et al. 2012); mineral vs. organic soils (Bowden et
al. 1998, DeForest et al. 2009); substrate quality or age (Waldrop and Firestone 2004,
Kirschbaum 2006, Shaver et al. 2006, Bruijn and Butterbach‐Bahl 2010); elevation (Chang et
al. 2012); C:N ratio (Bruijn and Butterbach‐Bahl 2010, Klimek and Niklinska 2010); depth
(Klimek and Niklinska 2010); or other soil‐specific factors such as texture and pH (Parton et
al. 1987, Kirschbaum 2000). Because climate models are projecting both increases in
temperature and changes in precipitation, the nature and magnitude of interactive effects
of temperature and moisture need further characterization to allow accurate predictions of
how the C cycles of terrestrial ecosystems will respond to climate change.
Due to the potential implications of climate change on the global C cycle, many
studies have attempted to model the response of C and N dynamics to climate change (e.g.,
Parton et al. 1987, Jenkinson et al. 1991, Bruijn and Butterbach‐Bahl 2010, Yurova et al.
2010). Many of these global and ecosystem‐scale models include the response and
feedback of C and N in soils because of the importance of soil respiration in the global C
cycle. Two examples of ecosystem‐scale models simulating soil C and N dynamics are the
CENTURY model (Parton et al. 1987) and the Rothamsted model (Jenkinson et al. 1991). The
CENTURY model simulates long‐term (annual cycle over centuries or millennia) C, N,
phosphorus, and sulfur dynamics through three organic matter fractions and two plant
residue pools; the soil organic matter potential decomposition rate is reduced by a
10

multiplicative function of four driving variables: annual precipitation, temperature, soil
texture and plant lignin content (Parton et al. 1987). The CENTURY model assumes that the
majority of N is bound to C, and that therefore C and N fluxes are interactively linked
(Parton et al. 1987). The Rothamsted C model simulates soil organic C decomposition at a
decade to century timescale using five organic matter fractions whose maximum
decomposition rates are modified by the multiplicative effect of temperature, soil moisture,
plant cover and soil clay content (Jenkinson et al. 1991). The modifying factor of
temperature is described as a logistic function, and the modifying factor of moisture
(reported as topsoil moisture deficit) equals 1 (no modification) when moisture is not
limiting at high moistures, decreases at moderate moistures, and remains low (at 0.2) at low
moisture (high moisture deficit) (Coleman and Jenkinson 2008).
The respiration rates in the CENTURY and Rothamsted models involve two
assumptions: (1) the response to temperature and moisture is a multiplicative effect, and
(2) the responses to moisture and temperature are the same across all soil types (including
both mineral and organic soils) and layers. To ensure that these models are as accurate as
possible in describing C and N dynamics in soils today and in predicting responses to climate
change decades from now, the underlying relationship of respiration to temperature,
moisture and soil characteristics needs thorough examination to determine the validity of
these assumptions.
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1.5

Approaches to Evaluating Respiration
Soil respiration studies examining the effects of temperature and moisture are

generally divided between two approaches: field studies and laboratory incubation studies.
Both approaches have benefits and disadvantages, and both, as well as other approaches
such as field warming experiments, are necessary to fill the gaps in the understanding of
temperature and moisture controls on soil respiration.
Field studies are common and allow researchers to examine intact soils in situ.
However, this approach does not readily allow for temperature and moisture manipulation,
or direct measurement of respiration from the organic soil layer. Of particular concern is the
confounding of temperature and moisture, particularly in areas with a warm dry summer
and cold wet fall, winter and/or spring (Davidson et al. 1998, Kirschbaum 2000). For
example, Davidson et al. (1998) found that respiration increased exponentially with soil
moisture during drought conditions, but was negatively correlated with moisture during all
other times of the year. The confounded effects of low temperature and high moisture
during the fall, winter and spring seasons could not be separated to explain whether low
respiration during these seasons was because of low temperature or high moisture, or a
combination of the two (Davidson et al. 1998). Field researchers are also not able to control
for other factors that may influence soil respiration other than temperature and moisture,
such as fresh litter inputs (Edwards 1975, Kirschbaum 2000, 2006). In addition, Q10 obtained
from field observation and field warming studies tends to be lower than Q10 for laboratory
incubation studies, particularly at low temperatures, possibly because of the confounding
12

effects of moisture and substrate availability (Kirschbaum 2000, 2006). Unlike laboratory
studies, however, field studies measure soil respiration as it actually occurs in the system
under examination.
Several laboratory approaches have been used to examine the individual and
interactive effects of temperature and moisture on soil respiration:


Laboratory incubation of mineral soils, defined as soils or soil layers consisting
predominantly of mineral matter and < 40% organic matter (Howard and
Howard 1979, Howard and Howard 1993, Azzalini and Diggle 1994, Rey et al.
2005, Curiel Yuste et al. 2007, Sequaris et al. 2010, Chang et al. 2012, Guntinas et
al. 2013)



Laboratory incubation of plant litter or organic soil horizons, defined as soil
layers with > 40% organic matter, primarily consisting of plant litter and/or
partially decomposed litter lying above mineral soil layers (Edwards 1975,
Howard and Howard 1979, O’Connell 1990, Bowden et al. 1998, Leiros et al.
1999, Shaver et al. 2006, Van Meeteren et al. 2007, Klimek and Niklinska 2010,
Sequaris et al. 2010)



Laboratory incubation of intact soil cores (Fang and Moncrieff 2001, Waldrop
and Firestone 2004)

Laboratory incubation studies are valuable because they allow for manipulation of
environmental factors, control over confounding effects, and direct observation of the
13

respiration response from organic soil layers. However, while laboratory incubation studies
can provide a more controlled environment in which to examine temperature and moisture
control of soil respiration than field studies, changes in the physical soil structure are
inherent with soil sample collection and compositing, removal of roots, drying, sieving and
other processing prior to commencement of the incubation study. The use of disturbed
composite samples leads to a frequent problem encountered in laboratory incubation
studies: a spike in the respiration rate at the beginning of the incubation (Fang and
Moncrieff 2001). Laboratory incubation studies frequently use constant temperature, which
does not take into account the diurnal cycle to which field soils are exposed. Long‐term
laboratory incubation studies can have problems with the exhaustion of labile organic
matter, which results in fundamental differences in the characteristics of the soils under
study, particularly if different incubation temperatures are used (Kirschbaum 2000). For
these and other reasons, soil respiration measurements obtained in laboratory incubation
studies are not scalable to predict soil respiration rates at the stand or ecosystem level.
Kirschbaum (2000, 2006) considers lab incubations the best and least biased
approach for estimating the temperature dependence of organic matter decomposition, as
the confounding factors of root respiration and substrate supply can more easily be
controlled in a laboratory setting. However, the laboratory incubation of soil samples is
fundamentally different from an intact soil pedon in the field, and it is unclear whether or
how these artificial conditions may bias temperature sensitivity studies. Synthesis of the
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results of all approaches remains the best way to obtain an overall consistent picture of the
state of knowledge in the field.

1.6

Gaps in Knowledge
This study focused on several under‐examined components of the temperature and

moisture effect on C and N dynamics: organic soils, multiple soil layers, a broad range of
moistures, and a representative, low temperature range. A summary of the need to fill
these gaps follows:
Most studies examining the response of soil respiration to temperature and
moisture have focused on laboratory incubation of mineral soils (e.g., Guntinas et al. 2013,
Zhou et al. 2014, and references cited therein) or field studies with natural or manipulated
temperature and moisture regimes (e.g., Poyatos et al. 2014, Zheng et al. 2014, and
references cited therein). In comparison to the large number of studies on mineral soils,
fewer researchers have examined organic soils or forest floor litter layers in a laboratory
setting (e.g., O’Connell 1990, Bowden et al. 1998, Leiros et al. 1999, Van Meeteren et al.
2007, Klimek and Niklinska 2010). Although they often have a much smaller C pool than
mineral soils, organic soil and litter layers typically hold more labile C compounds and
contribute significantly to total soil respiration. For example, in a field study, litter
respiration accounted for nearly 50% of total soil respiration (litter layer and mineral layer
combined) during most seasons, even though the litter C pool was only 6% of the mineral
soil C pool (DeForest et al. 2009).
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Different soil depths or soil layers may have differing respiration responses to
temperature and moisture (Davidson et al. 1998, Klimek and Niklinska 2010). Different soil
types (Howard and Howard 1993, Azzalini and Diggle 1994), mineral vs. organic soils
(Bowden et al. 1998), and soils from different environments (e.g., grassland vs. forest) (Fang
and Moncrieff 2001, Rustad et al. 2001, Shaver et al. 2006) respond differently to moisture
and temperature combinations, but few studies have examined variation among soil layers,
especially for organic soils (Klimek and Niklinska 2010). In a lab incubation study, the lower
organic layer was more sensitive to temperature changes than the upper organic layer,
indicating that organic soil layer respiration rates respond differently to temperature and
moisture changes (Klimek and Niklinska 2010). The depth at which soil temperature is
measured in the field matters, suggesting that temperature dependence should be
determined for each soil horizon, rather than for an arbitrarily chosen depth (Davidson et al.
1998).
Although respiration studies of forest soils are not uncommon, this type of research
in temperate zones may further the understanding of the role of northern temperate
terrestrial ecosystems as C sinks, currently responsible for accumulating nearly one‐third of
CO2 emissions released from anthropogenic activities (Tans et al. 1990, Sundquist 1993,
Ciais et al. 1995, IPCC 2013). As temperate, boreal, and tundra/alpine ecosystems hold
more organic C than tropical ecosystems, they may play a greater role in regulating or
exacerbating the CO2 feedback loop (Schleser 1982). Projections of C flux due to climate
change have predicted that soil organic C will increase in tropical zones and decrease in
16

boreal and tundra regions (Kirschbaum 2000). Furthermore, forest soil respiration responds
more strongly to temperature increases than other ecosystem types, such as tundra or
grassland (Rustad et al. 2001).
The use of a representative temperature and moisture range for the study site in
question is important to accurately predict changes in soil respiration under climate change
scenarios. Laboratory incubations frequently use temperatures that are greater than those
actually experienced in the ecosystem under study. The problem with this is that fitting
equations to respiration data for a range of temperatures including extremely high
temperatures (often up to 35°C) can result in poor model fit at the low end of the
temperature scale because of the bias in fitting the model to the higher temperatures (Fang
and Moncrieff 2001). This can result in underestimation of the temperature effect at low
temperatures, when soil respiration is more temperature sensitive than at high
temperatures (Schleser 1982, Lloyd and Taylor 1994, Kirschbaum 1995, Fang and Moncreiff
2001, Klimek and Niklinska 2010). Some studies have concluded that moisture does not
have an effect on respiration because the examined moisture ranges were not sufficiently
low or high to limit respiration (Edwards 1975, Howard and Howard 1979, Fang and
Moncrieff 2001, Waldrop and Firestone 2004). An ideal approach to understanding the
effects of temperature and moisture on soil respiration involves examining a range of
temperature and moisture that are actually present at the study site and are reasonably
projected by climate models.
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1.7

Objective and Research Questions
The objectives of this study are (i) to determine how soil respiration and N dynamics

are influenced by temperature, moisture and their interaction in the organic horizon (O‐
horizon) of a Pacific Northwest forest, and (ii) to provide a statistical model of the response
of O‐horizon respiration to temperature and moisture. The research questions addressed in
this study are:


Under what conditions does moisture limit respiration?



Does respiration response to moisture vary with temperature?



Conversely, does respiration response to temperature vary with moisture?



Does respiration response to moisture and temperature differ between O‐
horizon layers?



Is the response of O‐horizon respiration to temperature and moisture described
by a single, unique statistical model?



What is the response of net N mineralization to temperature and moisture?



Does net N mineralization differ between O‐horizon layers?

To address these questions, this study used laboratory incubation to assess the respiration
rate and net N mineralization rate of two O‐horizon layers from a conifer forest on the
Olympic Peninsula in Washington State. The analysis and discussion of the effects of
temperature and moisture and particularly the temperature–moisture interaction is
18

approached from several different perspectives in this study. These effects are described in
the literature as a temperature‐dependent moisture effect, a moisture‐dependent
temperature effect (Q10), a saturating moisture effect, or by the use of models to
mathematically define the relationship. Although all perspectives are ultimately describing
the same interactive effect, a review of the multiple angles for describing the effect will be
covered in the discussion.

19

2.

Methods

2.1

Study Site
The study site is located on the Olympic Peninsula of Washington State, USA on

Department of Natural Resources land near Sappho, WA. The site is the location of a long‐
term ecosystem productivity (LTEP) study examining the effects of biomass removal and
woody debris on ecosystem productivity of early and late‐successional forests in the Pacific
Northwest. The site was railroad logged and burned in the 1940s, and is now an even‐aged
(~70 years) stand of naturally regenerated Douglas fir (Pseudotsuga menziesii [Mirb.]
Franco), with some Sitka spruce (Picea sitchensis [Bong.] Carr.) and western hemlock (Tsuga
heterphylla [Rafn] Sarg.) (Homann et al. 2008, U.S. Forest Service 2013). The site is flat, at
an elevation of 100 m. The soil series is Solduc very gravelly sandy loam and the parent
materials are loess and volcanic ash over glacial outwash (USDA Natural Resources
Conservation Service 2014). The study site’s climate is classified as dry summer variety
oceanic (Kottek et al. 2006), which is defined as having warm summers and cool winters,
with adequate precipitation for most of the year with the exception of a markedly drier
summer. During the summer months between June and September, precipitation averages
8 cm per month and air temperature averages 15°C with a range of 8–23°C (Homann 2008,
Homann personal communication 2014, PRISM Climate Group 2014). O‐horizon moisture
averages 178% between June and September, with 10% at <100% moisture, 59% at 100–
200% moisture, 31% at >200% moisture (Homann personal communication 2014). Between
October and May, precipitation ranges from 14–47 cm per month, O‐horizon moistures
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likely exceed 200%, and air temperature averages 7°C with a range of 1–17°C (Homann
2008, Homann personal communication 2014, PRISM Climate Group 2014).

2.2

Soil Sampling and Preparation
Upper and lower organic layer (O‐layer) soils were collected from 10–20 sampling

locations in a ~1 ha area directly east of Sappho LTEP experimental unit #5 on April 24,
2012. The upper O‐layer consisted of forest floor litter, primarily needles, while the lower O‐
layer consisted of primarily undistinguishable decomposed organic matter and litter atop
the gravelly mineral soil. Samples were collected into 20–40 plastic bags, transported to the
lab in a cooler and stored at 4°C.
In the laboratory, the material collected was combined into single composite
samples – one for the upper O‐layer and one for the lower O‐layer. Water holding capacity
(WHC) was determined by saturating three replicate soil subsamples per layer, covered with
moist paper towel to prevent evaporation, and allowing the samples to drain overnight
(adapted from Rey et al. 2005). Subsamples were oven dried at 70°C to constant mass to
determine WHC (g water/g dry soil × 100%). Average WHC, 495% for the lower O‐layer and
566% for the upper O‐layer, was used to determine the highest moisture treatment level.

2.3

Experimental Design
Field‐moist samples were dried by exposure to air to reduce moisture to

approximately 200%, and upper and lower O‐layer samples were each divided among 32
incubation dishes with lids (approximately 42 g dry soil equivalent per dish). For each layer,
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dishes were randomly assigned to 4 moisture levels crossed with 4 incubation chambers at
different temperatures, yielding 16 moisture–temperature combinations, with 2 replicate
dishes per combination. The moisture treatments were 200%,1 300%, 400%, and 500% (g
water/g dry soil × 100%). The incubation chamber temperatures ranged from approximately
5 to 20°C; actual average temperatures for the four incubation chambers were 5.8°C, 9.7°C,
14.8°C, and 19.4°C (see Appendix Table 1).2 Soil incubation temperature was monitored
throughout the incubation period using two Thermochron iButtons (Dallas Semiconductor
Corp., Dallas, TX) per chamber. The iButtons were placed inside dishes similar to those used
in the respiration study.

2.4

Respiration

2.4.1 Study 1 – High Moisture
In Study 1, the high moisture study, moisture was initially adjusted to the assigned
moisture treatment by adding distilled water. During incubation, moisture was maintained
by adding distilled water every 2 to 3 days, as needed. Respiration was measured 11 times
during the 27‐day incubation period using a Licor‐6400 portable infrared gas analyzer fitted
with a soil respiration chamber attachment (Li‐Cor, Lincoln, NE). On each measurement day,
three respiration measurements were taken. Lids were removed from the dishes at least 15
minutes prior to respiration measurement to allow trapped CO2 to escape and to reduce

1

The lowest moisture treatment for the upper layer was approximately 230%. In analyses in which the upper
layer is compared with the lower layer, the low moisture treatment for the upper layer is reported as 200%.
2
Average measured temperature was used for all statistical analyses and in figures. However, for ease of
reference, nominal temperature was used when temperature chambers were not directly compared, in tables
and when discussing the incubation temperatures in the text.
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“spikes” in the first respiration measurement. All respiration measurements were used to
determine an average value, and average values were converted to µmolCO2/g remaining
C/h. For the entire incubation period, a time‐weighted average respiration was calculated
for each dish.

2.4.2 Study 2 – Low Moisture Drying Study
During the high moisture study, it became clear that the soil moistures selected
were not low enough to limit respiration; therefore, Study 2, the low moisture drying study,
was developed to follow the high moisture study. In Study 2, dishes from the high moisture
study were incubated at constant high moisture for 35 more days, then allowed to dry out
for up to 66 days. Respiration measurements were taken periodically throughout the
incubation period until respiration fell below detection limits (0.5 µmol CO2/m2/sec,
equivalent to approximately 1.8 µmol CO2/g C/h) (Gordon personal communication 2012).
Lower O‐layer dishes at 5, 10 and 15°C were excluded from this study because respiration
rates were already near detection limits throughout the high moisture study. On each
measurement day, two respiration measurements were made, averaged, and converted to
µmolCO2/g remaining C/h.

2.5

Other Parameters

2.5.1 Initial Conditions
Initial pH and total C and N content of upper and lower O‐layers were determined on
six replicates (per layer) of composite soil samples. Distilled deionized water (50 ml) was
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added to 10 g soil for pH measurement. Solid‐phase C and N were analyzed using a Thermo
NC 1112 Analyzer (Thermo Fisher Scientific, Waltham, MA).

2.5.2 Time
Although respiration changed with time throughout the two incubation periods,
temporal effects had a minimal effect on respiration in relation to the effect of temperature
and moisture. For the low moisture drying study, dishes at the same temperature and
different initial moistures reached 160% moisture at different times, but had similar
respiration rates at 160% moisture (Appendix Figure A4), suggesting time alone was not
influencing the decrease in respiration rate. See discussion in Appendix Section A2, Effect of
Time on Respiration, for details.

2.5.3 Inorganic N
Extractable nitrate (NO3‐) and ammonium (NH4+) concentrations were measured for
pre‐incubation samples and for soil samples collected from all dishes after the completion
of the high moisture study (on day 27 of the incubation period). The extractant used was
0.5M K2SO4, using a ratio of 1:20 (g dry soil to ml extractant). Samples were mixed and
filtered through Whatman 40 filters in Buchner funnels. Nitrate+nitrite and ammonia
concentrations in the extract were measured using a SmartChem 200 discrete analyzer
(Unity Scientific, Brookfield, CT) using Westco Scientific Instruments, Inc. (2007a, b)
methods for water, waste water, soil extracts and other aqueous samples (SmartChem 200
Method 375‐100E‐1 for nitrate‐nitrite and SmartChem 200 Method 210‐200B for ammonia).
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2.6

Q10 Calculations
For each moisture (100, 140, 180, 220% for low moisture study, and 200, 300, 400,

500% for high moisture study), the following equation was fit to the respiration rates:
ln

ln

∗

Where ln(Resp) is the natural log of the respiration rate (µmolCO2/g remaining C/h), ln(C0) is
the intercept (fitted parameter), β is the slope (fitted parameter), and Temp is temperature
(°C). Q10 was calculated from β as follows (Rey et al. 2005):

2.7

Statistical Analysis
Regression, one‐ and two‐sample t‐tests, and 1‐ and 2‐factor ANOVA were used to

determine effect, differences between temperatures, moistures, and layers, or to
determine difference from zero slope (Table 1).

Table 1. Summary of statistical analyses in this study.
Layer

Test Type

Dependent Variable

Independent Variable

Regressions
Upper, Lower

Linear Regression

Extractable Ammonium
(after incubation)

Temperature (5.8, 9.7,
14.8, 19.4°C)

Upper (all temps),
Lower (20°C only)

Linear Regression

Respiration

Moisture (200, 300, 400,
500%)
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Table 1. Summary of statistical analyses in this study. (Continued)
Layer

Test Type

Dependent Variable

Independent Variable

Upper (low moisture
and high moisture),
Lower (high moisture
only)

All possible
regressions
procedure

Respiration and ln‐
Respiration

Moisture, Temperature,
Moisture×Temperature,
Moisture‐squared,
Temperature‐squared

Upper (low moisture
and high moisture),
Lower (high moisture
only)

Akaike Information
Criterion (AIC)

Respiration and ln‐
Respiration

Moisture, Temperature,
Moisture ×
Temperature, Moisture‐
squared, Temperature‐
squared

Upper (low moisture
and high moisture),
Lower (high moisture
only)

Linear Regression

Q10

Moisture (four levels –
for low moisture: 100,
140, 180, 220%; for high
moisture: 200/230, 300,
400, 500%)

Upper vs. Lower

1‐factor ANOVA

pH, total N, total C, C:N,
initial extractable
ammonium

Layer (upper, lower)

Upper, Lower (for each
temperature
individually)

2‐factor ANOVA

Extractable Ammonium
and Nitrate (after
incubation)

Moisture (200, 300, 400,
500%) and Layer (upper,
lower)

Upper, Lower

one‐sample t‐test
comparing slope to
zero (0)

Slope (for regression
equation relating
moisture to respiration
for each temperature –
layer combination)

Upper vs. Lower (for
20°C only)

1‐factor ANOVA

Intercept (for regression
equation relating
moisture to respiration)

Layer (upper, lower)

Upper vs. Lower (for
20°C only)

two‐sample t‐test

Slope (for regression
equation relating
moisture to respiration)

Layer (upper, lower)

ANOVA and T‐Tests
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Table 1. Summary of statistical analyses in this study. (Continued)
Layer

Test Type

Dependent Variable

Independent Variable

Upper, Lower (for each
temperature
individually)

2‐factor ANOVA

Mean respiration

Layer (upper, lower) and
Moisture (200, 300, 400,
500%)

Upper vs. Lower

1‐factor ANOVA

Q10

Layer (upper, lower)

I attempted to avoid or reduce pseudoreplication, the use of statistical tests without
treatment replication or with replicates that are not statistically independent, in the
statistical analysis of the data. This study does not include replication of temperature
treatments, as four incubators each set to a different temperature were used – a common
component of the experimental design of studies examining temperature controls of soil
respiration in laboratory settings. Due to the lack of true replication of the temperature
treatment, all moisture treatments for each temperature were grouped within one
incubator (i.e., the moisture treatments were not independent), which led to inability to
directly assess the temperature–moisture interaction by using multiple regression or 3‐
factor ANOVA (factors: layer, temperature, moisture).
For analysis of the low moisture drying study, I ran a linear regression analysis to
determine whether moisture had an effect on respiration for each dish (moistures below
230%) with at least three measurements. For each temperature, I calculated the average
slope and intercept and the 95% confidence interval from the coefficients from the
individual regression equations found for each dish. The averaged slope and intercept
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represent the average response to moisture for the upper layer at a particular temperature.
I ran a linear regression analysis to determine whether temperature had an effect on the
average moisture–respiration slope (a measure of the moisture effect) to determine
whether there was a temperature–moisture interaction.
To determine what equation(s) could be used to describe the temperature and
moisture effects on soil respiration at low moistures, pseudoreplication was unavoidable as
respiration data at multiple moistures at each temperature were required to examine the
equations. However, pseudoreplication was reduced by finding 16 representative data
points on which to model the effects. Each dish was randomly assigned to a moisture level
(100, 140, 180, or 220%) within its moisture range, and the respiration rate at the assigned
moisture was calculated from the previously determined regression equation for that dish.
Replicates were averaged, yielding one average respiration rate for each of four moistures
and each of four temperatures for the upper O‐layer and for 20°C for the lower O‐layer.
At high moistures, the effect of moisture on respiration was determined at each
temperature individually, moistures were pooled and respiration rate averaged to
determine the temperature effect. To model the response of respiration to moisture and
temperature at high moistures, pseudoreplication was unavoidable, but reduced by
averaging the moisture replicates and running the model comparisons using 16
representative data points (4 moistures x 4 temperatures).
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Pseudoreplication was also avoided in Q10 analysis by use of an average respiration
rate for each moisture and temperature combination. Q10 at each assigned (for low
moistures) or initial (for high moistures) moisture level was determined as described above,
and Q10 coefficients were compared using regression analysis of straight‐line (n = 4) and
logistic functions (n = 8).
α = 0.1 was used for all statistical tests. Due to small sample size, this α was chosen
to increase power and to balance α and

error rates.
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3.

Results

3.1

O‐Horizon Characterization
Compared with the upper O‐layer, the lower O‐layer was more acidic by 0.16 pH

units (Table 2). The lower O‐layer had 13% lower C concentration but 12% greater N
concentration than the upper O‐layer, resulting in a 22% lower C:N ratio.

Table 2. Summary of initial conditions for upper and lower O‐layers.

Parameter

Upper O‐Layer
Mean (±95% CI)

Lower O‐Layer
Mean (±95% CI)

Pupper vs.
lower*

pH

4.44 (0.052)

4.28 (0.1)

0.004

Nitrogen (g N/kg dry soil)

10.2 (1.8)

11.4 (1.59)

0.004

Carbon (g C/kg dry soil)

513 (25.8)

444 (82)

< 0.001

Carbon:Nitrogen

50 (7.81)

39 (2.88)

< 0.001

Ammonium (µg NH3‐N/g dry soil)

9.2 (5.56)

9.4 (5.65)

0.962

Nitrate (µg NO3‐N/g dry soil)

< 1.06

< 1.08

N/A

*1‐Factor ANOVA (fixed factor = layer), n=6
Detection limits for nitrate were 1.06 µg NO3‐N/g dry soil for the upper O‐layer and 1.08 µg NO3‐N/g dry soil for the lower
O‐layer
N/A = not applicable

Initial nitrate concentrations were below detection limits (< 1.06 µg NO3‐N/g dry soil
for the upper O‐layer and < 1.08 µg NO3‐N/g dry soil for the lower O‐layer). Initial
ammonium concentration was similar for both O‐layers (Table 2). After 27 days of
incubation, nitrate concentration remained below detection limits. During 27 days of
incubation, the upper O‐layer had lower net N mineralization rate than the lower O‐layer at
all temperatures (Figure 1). Neither layer x moisture interaction nor moisture had an effect
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on the net N mineralization rate at any temperature (Appendix Table A8). Regression
analysis did not reveal a significant temperature effect on net N mineralization for either
layer (see Appendix Table A8).

Net N Mineralization by Temperature
Net N Mineralization (µg NH4‐N/g dry soil)

2
0
‐2
‐4
Lower

‐6

Upper
‐8
‐10
‐12
0

5

10

15

20

25

Incubation Temperature (°C)

Figure 1. Net N mineralization (±95% confidence interval) during 27‐day incubation for upper and
lower O‐layers at high moisture (200‐500%). Each diamond and square represents the average of
eight dishes (pooled across moisture). Two‐factor ANOVA (4 moistures, 2 layers) at each
temperature indicated no interaction and no moisture effect, but layers differed (P= 0.003 at 5°C,
and <0.001 at other temperatures).

3.2

Respiration Response to Temperature and Moisture
To avoid pseudoreplication, the effect of moisture on soil respiration was

determined for each layer at each temperature individually. The moisture effect was then
compared among the four temperatures. See Section 2.7 Statistical Analysis for details.
In the upper O‐layer, respiration rate increased as moisture increased from 100% to
230% (Figure 2A). This response increased with temperature (Figure 2A, Table 3); as
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temperature increased, so did the slope of the regression line relating respiration to
moisture:
Moisture–Respiration Slope = ‐0.862 + 0.193 x Temperature (°C)
Adj. R2 = 0.851, P = 0.051, n = 4 temperatures
Above 230% moisture, moisture did not affect upper O‐layer respiration rate (Figure 2B).
The lower O‐layer respiration rates were approximately 25% of upper O‐layer at
lowest moisture (Figures 2A and 2C), and approximately 45% at higher moistures (Figures
2B and 2D, Table 4). The lower O‐layer had a similar response to moisture and temperature
as the upper O‐layer (Figures 2C and 2D), although low respiration rates precluded
assessment of the response to low moisture–low temperature combinations. The
respiration–moisture slope at 20°C at low moistures did not differ between the two O‐
layers, but the y‐intercept was 2.4 units higher for the upper O‐layer (positive y‐intercept)
than the lower O‐layer (negative y‐intercept) (Table 3). At high moisture, only the lower O‐
layer at 20°C showed increased respiration with increased moisture (Figure 2D) (regression:
P = 0.026, Adj. R2 = 0.52, n = 8).
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B. Upper Layer ‐ High Moisture
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A. Upper Layer ‐ Low Moisture
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D. Lower Layer ‐ High Moisture
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C. Lower Layer ‐ Low Moisture
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Figure 2. Average respiration (±95% confidence interval) by moisture for (A) low moistures
(<230%) and (B) high moistures (230‐500%) for the upper O‐layer, and for (C) low moistures
(<230%) at 20°C and (D) high moistures (200‐500%) for the lower O‐layer. n = 8 dishes per line for
high moisture, n = 5 to 7 for low moistures, as listed in Table 3.
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Table 3. Regression equations relating respiration rate to moisture in upper and lower O‐
layers at <230% moisture. Equations are of the form:
Respiration (µmolCO2/g remaining C/h) = a + b × Moisture (%)
Layer

Temp. (°C)

a (±95%CI)

b (±95%CI)

n

Pb*

Upper

5.8

2.3(0.45)

0.0048 (0.0022)

6

0.002

9.7

2.1(0.55)

0.0093 (0.0031)

7

<0.001

14.8

2.5(0.82)

0.015 (0.0058)

6

0.001

19.4

1.2(0.67)

0.032 (0.0065)

6

<0.001

Lower

19.4

‐1.2(2.5)

0.023 (0.014)

5

0.012

Pupper vs. lower**

19.4

0.023

0.10

*Pbcompares slope to 0, one‐sample t‐test
**Pupper vs. lower compares equation coefficients for upper to lower O‐layer at 19.4°C, two‐sample t‐test

Table 4. Respiration rate in upper and lower O‐layers pooled across 200−500%
moisture.

Temp. (°C)

Mean Respiration (µmolCO2/g
remaining C/h) (±95%CI)

Pupper vs. lower*

n

Upper Layer

Lower Layer

5.8

3.8(0.40)

2.0(0.41)

<0.001

8

9.7

5.0 (0.34)

2.3 (0.86)

<0.001

8

14.8

7.5 (0.77)

3.0 (0.49)

<0.001

8

19.4

10.7 (0.73)

4.6 (0.54)

<0.001

8

*Pupper vs. lower compares upper to lower mean at each temperature, two‐factor (layer, moisture)
ANOVA; moisture had no effect
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3.3

Statistical Description of Temperature−Moisture Interaction
Complete avoidance of pseudoreplication was unavoidable for the statistical

description of the temperature–moisture interaction. However, pseudoreplication was
reduced by fitting models to a representative 16 point data set (4 moistures x 4
temperatures). See Section 2.7 Statistical Analysis for more details. Separate descriptions of
the temperature–moisture interaction are provided for low moisture and high moisture
here to allow for fitting and comparison of multiple equations to describe the interaction
for the two different moisture ranges.
For the upper O‐layer at moisture below 230%, the combined effects of temperature
and moisture on ln‐respiration were best described by a temperature term and
multiplicative interaction term (Temperature × Moisture) (Table 5):
ln(Respiration as µmol CO2 / g remaining C/h) =
0.829 + 0.0095 x Temperature (°C) + 0.026 x Temperature (°C) x Moisture (%)
Adj. R2 = 0.97, P < 0.001, n = 16
This equation and next four best equations, based on R2 and AIC rank, were equations with
complex interaction of temperature and moisture. The all‐possible‐regression procedure
and AIC analysis agreed on the best equation and the top five equations, but disagreed on
the order for equations ranked 2‐5. Complete equation comparison results and coefficients
are listed in Appendix Table A7.
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Table 5. Best equation to describe temperature and moisture effects on ln(respiration) for
upper layer at moisture < 230% and ranking based on regression (R2) and AIC analysis. n = 16
Adj. R2

Rank
(Adj. R2)

Delta
AIC(c)

Rank
(ΔAIC[c])

0.81

14

28.2

13

ln(Resp) = a + bT + cM

0.92

6

15.8

7

ln(Resp) = a + bT + cM + eT2 + fM2

0.91

10

23.4

11

ln(Resp) = a + bT + dTM

0.97

1

0

1

ln(Resp) = a + cM + dTM

0.97

2

6.0

4

ln(Resp) = a + bT + cM + dTM

0.97

3

3.5

3

ln(Resp) = a + bT + cM + dTM + eT2 + fM2

0.97

4

12.1

5

ln(Resp) = a + dTM

0.96

5

1.8

2

Model
Additive effect
ln(Resp) = ln(a + bT + cM)
Multiplicative effect

Complex effect

Above 230% moisture, where moisture did not have an effect on upper O‐layer
respiration, ln‐respiration was described simply by temperature (Table 6).
For the lower O‐layer, low respiration rates precluded assessment of the response to
low moisture−low temperature combina ons. Although moisture had a significant effect on
respiration at high moistures at 20°C for the lower O‐layer, moisture did not have an effect
on lower O‐layer respiration at other temperatures, and the overall pattern for the lower O‐
layer ln‐respiration was described simply by temperature (Table 6).
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Table 6. Best equation to describe temperature and moisture effects on ln(respiration) for upper
and lower O‐layer at high moisture(200‐500%) n = 16
Layer

Equation

p

Adj. R2

Upper O‐layer

ln(Respiration) = 0.89 + 0.076 x Temperature

< 0.001

0.977

Lower O‐layer

ln(Respiration) = 0.26 + 0.061 x Temperature

< 0.001

0.820

3.4

Q10
The average Q10 increased by 0.5 as moisture increased from 100 to 230% moisture

for the upper O‐layer (Figure 3A). Above 200% moisture, Q10 did not vary with moisture in
either the upper or lower O‐layer, and did not differ between the two layers (Figures 3B and
3C). This suggests that, at high moistures, the nature of the temperature effect does not
depend on moisture or layer. Regression analysis found that a logistic equation described
the relationship between moisture and Q10 across both low and high moistures of the upper
layer, with a Q10 limit approaching 2.24:
Q10 = 1 / (1/2.24 + (1.10 x 0.99 Moisture (%)) n = 8
Low respiration rates precluded assessment of the temperature response at low
moisture for the lower O‐layer.
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A. Upper Layer ‐ Low Moisture

B. Upper Layer ‐ High Moisture

3.5

3.5
Q10 = 0.97 + 0.0044 x Moisture
P = 0.058, Adj. R2 = 0.83

3

2.5

2.5

2

2

Q10

Q10

3

1.5

1.5

1

1

0.5

0.5

P = 0.394

0

0
0

100

200

150

300

250

350

450

550

Moisture (%)

Moisture (%)

C. Lower Layer ‐ High Moisture
5
4

Q10

3
2
1
P = 0.104
0
150

250

350

450

550

Moisture (%)

Figure 3. Q10 (± 95% confidence interval) for the upper O‐layer at (A) low moistures (<230%) and
(B) high moistures (230‐500%), and (C) for the upper O‐layer at high moistures (200‐500%). 1‐
factor ANOVA (2 layers) found no difference between Q10 for upper and lower O‐layers at high
moisture: P = 0.16, n = 4 moistures.
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4.

Discussion
To understand and predict the fate of C in the global C cycle, and whether terrestrial

ecosystems will become sources or sinks of C to the atmosphere, responses of C processes
to environmental controls must be quantified. This study focused on the response of soil
respiration to temperature, moisture and their interaction, and attempted to find a model
or models to describe the nature of this interactive effect. I found a complex interactive
effect of temperature and moisture on soil respiration. Moisture had a saturating effect on
soil respiration: at low moistures the moisture effect increased with temperature, while at
high moisture, there was no significant effect of moisture. Moisture also had a saturating
effect on Q10; the multiplicative temperature effect (Q10) increased with moisture at low
moistures, but moisture did not have an effect on Q10 at high moistures. The upper O‐layer
had a higher respiration rate than the lower O‐layer at all temperature and moisture
treatment levels, but the qualitative response of respiration of the two layers to
temperature and moisture did not differ. Net N immobilization was not significantly
influenced by either temperature or moisture, but was greater for the upper O‐layer than
the lower O‐layer.
The analysis and discussion of the effects of temperature and moisture and
particularly the temperature–moisture interaction are approached from several different
perspectives in this study. These effects are described in the literature as a temperature‐
dependent moisture effect, a moisture‐dependent temperature effect (Q10), a saturating
moisture effect, or by the use of models to mathematically define the relationship.
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Although all perspectives ultimately describe the same interactive effect, a review of the
multiple angles for describing the effect will be covered in the discussion.

4.1

O‐Horizon Characterization
Total C and N contents of the soils in this study were 50% greater than previously

measured average values at this site. Previous studies have found 301 g C/kg soil and 6.5 g
N/kg soil at this study site (Homann et al. 2008). Total N content was within the typical
range for Pacific Northwest O‐horizon forest soils (3.5‐19.5 g N/kg soil) (Gessel et al. 1973).
The C:N ratio, 39 for the lower O‐layer and 50 for the upper O‐layer, are similar to the C:N
ratio of 46 found by Homann et al. (2008).
Inorganic N was primarily in the form of ammonium, and net N mineralization rates
were negative, denoting net N immobilization in both soil layers. The upper O‐layer had a
65% greater net N immobilization rate than the lower O‐layer. The C:N ratio explains the
negative net N mineralization rate (net N immobilization) and the difference in net N
mineralization rate between the two layers. Both layers had relatively high C:N ratios, but
the upper O‐layer had a higher C:N ratio than the lower O‐layer. The C:N ratio, and
therefore the N content of the soil organic matter, is often a strong driver regulating the
release and uptake of inorganic N, with lower C:N ratios (higher total N) associated with
greater releases of inorganic N (Stevenson 1986, Killham 1994). In soils with higher C:N
ratios, microbial N requirements are higher than what is present in the organic matter, and
inorganic N mineralized by decomposition is immediately taken up by the microbes (Mengel
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1982, Stevenson 1986). Net N immobilization, as found for both O‐horizon layers, occurs
when available mineral N is readily taken up by microbes because N demand exceeds the
rate of N mineralization (Stevenson 1986). The relatively higher net N immobilization rate in
the upper layer is therefore explained by the higher C:N ratio, as compared to the lower
layer.
Net N mineralization during 27 days of incubation was not significantly influenced by
temperature or moisture for either layer. Other studies have found contrary results. Some
studies have found a positive relationship between N mineralization and soil moisture or
precipitation (Binkley et al. 1994, Leiros et al. 1999, Rustad et al. 2001), while others have
found a negative relationship (Van Meeteren et al. 2007). Temperature responses have
been more consistent, with a positive correlation between N mineralization and
temperature (Binkley et al. 1994, Leiros et al. 1999, Rustad et al. 2001, Van Meeteren et al.
2007). Net N mineralization response to temperature is similar in mineral and organic soils
(Peterjohn et al. 1994, Leiros et al. 1999), while the moisture effect is stronger in organic
soils than in mineral soil (Leiros et al. 1999).The nature of the net N mineralization response
to climatic factors is likely more complex than organic matter decomposition and soil
respiration (Kirschbaum 2000). Since net N mineralization is the change in inorganic N over
time, it is the balance of two processes: gross N mineralization and microbial
immobilization. Both of these processes are affected by temperature and moisture, and the
relative responses of gross mineralization and immobilization to climactic factors will
determine the effect on net N mineralization. Net N mineralization may be less temperature
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sensitive than organic matter decomposition, and the temperature effect on net N
mineralization is not as strongly influenced by temperature at low temperatures as organic
matter decomposition (Kirschbaum 1995).

4.2

Moisture Effect on Respiration — Limits
I found a saturating response of respiration to soil moisture: at low moistures,

respiration increased with increasing moisture, and at high moisture, respiration was not
affected by change in moisture. The finding that respiration increased with increasing
moisture up to 230% in this study agrees with the findings of several studies that have
found that moisture effects are only important to respiration rates at the low end of the
moisture spectrum (O’Connell 1990, Davidson et al. 1998, DeForest et al. 2009, Inclán et al.
2010). Low soil moistures decrease soil respiration by limiting microbial activity – at low
moisture, soluble substrate diffusion and microbial mobility are reduced, leading to limited
access to substrates (Grant and Rochette 1994). This, combined with reduced microbial
growth, results in low respiration rates (Grant and Rochette 1994). As soil moisture
increases, microbial activity is no longer suppressed by moisture limitation, leading to no
effect of moisture on respiration rates at high moistures. O’Connell (1990) found that
respiration increased with increasing moisture up to 100%, above which no further
moisture effect was observed. They developed a logistic statistical model to describe the
effects of temperature and moisture on litter respiration rates, including a saturating
moisture effect. Similarly, several field studies have found that moisture is an important
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predictor of soil respiration, but only in the dry period or during drought conditions when
soil moistures are low (Davidson et al. 1998, DeForest et al. 2009, Inclán et al. 2010).
Moisture limitation of respiration occurs at both low and very high moistures
(Howard and Howard 1993, Bowden et al. 1998, Shaver et al. 2006). At very high moistures,
such as waterlogged soils or wetlands, microbial activity is limited by oxygen deprivation
due to reduced oxygen diffusion (Grant and Rochette 1994). This leads to reduced
respiration rates when moisture is increased from “moist” to “wet” conditions (Shaver et al.
2006). Some studies have found that log‐respiration was best described by a quadratic
equation that described moisture limitation both at low and high soil moisture for organic
forest floor soils (Bowden et al. 1998) and mineral soils (Howard and Howard 1993). Other
researchers have observed that models based on temperature alone overestimated
respiration at very low and very high moistures, indicating that moisture limitation may play
a role at the extremes, but found no significant effect of moisture on soil and litter
respiration (Edwards 1975). Although no moisture effect was observed at the highest soil
moisture treatments in this study, this does not preclude moisture limitation at moistures
greater than water holding capacity (~500%) for these soils.
The range of moisture treatments selected for any particular respiration study can
affect the findings and obscure potential moisture effects. Several studies have found no
effect of moisture on soil respiration, including this study at high moistures (200‐500%),
except for the lower O‐layer at 20°C (Edwards 1975, Howard and Howard 1979, Mathes and
Schriefer 1985, Fang and Moncrieff 2001, Waldrop and Firestone 2004). A possible reason
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for no observed moisture effect may be that only moderate moisture levels were used, and
that these levels were not high or low enough to limit respiration (Fang and Moncrieff 2001,
Waldrop and Firestone 2004). Indeed, the results of the low moisture drying study show
that the moisture range initially selected for the high moisture study (200‐500%) was not
low enough to limit respiration, and incapable of revealing the moisture effect and
moisture–temperature interaction observed in the low moisture drying study. Conversely,
some studies have found increases in respiration throughout the moisture range examined
(Leiros et al. 1999, Van Meeteren et al. 2007). Here, again, this effect may be the result of a
limited range of moistures examined; this time, relatively low moistures (below the optimal
moisture range for respiration) may result in the appearance of a constant moisture effect
across the full range of moisture levels chosen.
The results of this study and others examining both organic and mineral soils (Raich
and Schlesinger 1992, Rey et al. 2005, Van Meeteren et al. 2007, Guntinas et al. 2013)
suggest that moisture has a saturating effect on soil respiration. This is especially important
at sites with long periods of low soil moisture, during which moisture is the main factor
limiting soil respiration (O’Connell 1990).

4.3

Moisture Effect on Respiration — Variation with Temperature
In addition to the saturating effect of moisture alone, this study confirms that the

moisture effect on O‐horizon respiration is greater at higher temperatures (Figure 2). The
temperature‐dependence of the moisture effect is one approach to describe the complex
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interactive effect of temperature and moisture on soil respiration. Other researchers have
also described the interaction as a temperature‐dependent moisture effect in which the
moisture effect is magnified by temperature, both in litter (Bowden et al. 1998) and mineral
soils (Howard and Howard 1979, Howard and Howard 1993, Rey et al. 2005). This
temperature–moisture interaction can be explained by the synergy of the individual effects
of temperature and moisture on soil respiration. When low temperatures limit enzyme
activity, increased substrate availability provided by increased soil moisture can only
marginally improve conditions for microbial activity and soil respiration. When soils are
warm (20°C), moisture increases spur microbial growth and substrate availability, increasing
soil respiration.

4.4

Temperature Effect on Respiration — Q10
I found an exponential response of respiration to increased temperature. Q10

temperature coefficients ranged from 1.3 to 2.3 (Figure 3). These coefficients are within the
broad range of Q10 coefficients found in similar studies of organic soils: 1.28 to 3.67 (Klimek
and Niklinska 2010), 2.03 (Bowden et al. 1998), and 2.62 (Leiros et al. 1999). A synthesis of
several field studies across the globe found that average Q10 was 2.4, with a range of 1.3 to
3.3 (Raich and Schlesinger 1992). In a synthesis of mineral soil laboratory incubation studies,
average Q10 ranged from approximately 6 at 5°C to 2.5 at 20°C (Kirschbaum 2006). Q10
coefficients at low moistures for this study are lower than the traditionally cited Van’t Hoff
rule of thumb of Q10 of 2 to 3 for chemical reactions (Howard and Howard 1993), although

45

the average Q10 at high moisture for this study was 2.0, which is at the low end of this
range.
Despite its frequent usage in soil respiration studies, several authors have discussed
the downsides of using Q10 to describe the temperature effect. Not only may Q10 be site
specific, Q10 is higher at lower temperatures (Schleser 1982, Kirschbaum 1995, Davidson et
al. 1998, Fang and Moncreiff 2001, Klimek and Niklinska 2010) and depends on moisture
(this study, Curiel Yuste et al. 2007, Klimek and Niklinska 2010, Guntinas et al. 2013). The
Q10 for a particular soil can range from 2.2 to 8.8 depending on the equation used to
calculate it (Fang and Moncrieff 2001). The Arrhenius equation, which is commonly used to
calculate Q10, may underestimate the temperature response at low temperatures (Fang and
Moncrieff 2001). This may lead to underestimation of CO2 releases from soils when
temperatures increase in cold climates or during the winter. Although the Arrhenius model
provides a good theoretical description of a single chemical reaction, it is not appropriate
for describing the combined response of various chemical, physical and biological processes
(Kirschbaum 2006). Ultimately, Q10 in isolation is insufficient in describing the response of
soil respiration to climate change because it does not take into account other factors, such
as moisture, which also influence respiration rates.

4.5

Temperature Effect on Respiration — Variation with Moisture
The temperature–moisture interaction can also be described as a moisture‐

dependent temperature effect. I found that moisture has a saturating effect on the
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temperature effect (Q10) in which Q10 increased with increasing moisture from 100% to
220% moisture, beyond which moisture no longer limited respiration; increased moisture in
excess of 230% did not affect Q10. The varying Q10 across the moisture spectrum represents
a complex interaction of temperature and moisture. The moisture dependence of the
temperature effect at low moistures found in this study has also been observed in a
laboratory incubation of mineral soil cores (Curiel Yuste et al. 2007). However, other studies
of organic soils have not reported a saturating effect of moisture on Q10. I found that the
relationship of Q10 to moisture was described by a logistic equation with a limit approaching
2.24. The equation models the synergistic effect of temperature and moisture at the low
end of the moisture spectrum, with the temperature effect (Q10) increasing with increasing
moisture, and the saturation of the moisture effect on Q10 at 300% moisture and above,
where moisture does not have an effect on Q10. This two‐phased effect – complex
interaction at low moistures, with effect saturation at high moistures – can be explained by
the synergistic effects of temperature and moisture. When low moistures limit substrate
availability and microbial growth, increases in temperature that would otherwise spur
enzyme activity can only marginally improve conditions for microbial activity and soil
respiration. When soil moisture is not limiting (>230% moisture in this study), temperature
alone limits the respiration rate.
However, others have found the opposite effect of moisture on the temperature
effect; namely, that Q10 is higher at low moistures than at high moistures. This conflicting
result has been found in incubations studies of both organic (Klimek and Niklinska 2010)
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and mineral soils (Guntinas et al. 2013). An incubation study of organic soils found a
temperature effect only at low moisture (50%), while no change in soil respiration was
found with a temperature increase from 5 to 15°C at moderate to high moistures (100 and
200%) (Van Meeteren et al. 2007). In another study, at the upper end of the moisture
spectrum, the temperature effect was smaller at high moistures (“wet” treatment) than at
moderate moistures (“moist” treatment), suggesting that high moisture can dampen the
temperature effect (Shaver et al. 2006). At high moistures, oxygen depletion can occur due
to slow diffusion rates, significantly decreasing soil respiration by aerobes (Grant and
Rochette 1994). Other than the waterlogged soil (Shaver et al. 2006), the studies that found
a decreasing temperature effect (Q10) with increasing moisture do not suggest a possible
mechanism behind these patterns, but it is unlikely that very high (waterlogged) soil
moistures were the cause of this result because these studies still found an increase in soil
respiration with increasing moisture (Klimek and Niklinska 2010, Guntinas et al. 2013).
Finally, a mineral soil incubation study found that all soil moistures showed the same
temperature response despite a significant moisture effect and temperature–moisture
interaction (Rey et al. 2005). These varying responses of the temperature effect to moisture
may be due to other factors. Chang et al. (2012) found that total N was positively correlated
with mineral soil respiration and Q10, and that the correlation was stronger at higher
temperatures and moistures. Although this effect was not directly examined in this study,
this study suggests the opposite effect. The upper O‐layer, which had lower total N than the
lower O‐layer, had a higher respiration rate than the lower O‐layer. This indicates that, if
total N has an effect on respiration rates, higher total N appears to be connected with
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lower, not higher, respiration rates for the soils in this study. In addition, the temperature
response (Q10) was not different between the two layers, indicating that total N likely did
not influence the temperature response in these soils.

4.6

Difference in Respiration Response Between Layers
Consistently higher respiration rates for the upper O‐layer than for the lower O‐layer

can be explained by the difference in C:N ratio. Higher respiration rates from upper‐layer
soils as compared to deeper horizons were also found in a study of organic forest soils in a
Polish spruce forest (Klimek and Niklinska 2010) and in mineral Mediterranean forest soils
(Rey et al. 2005). Soil respiration rates may be partially controlled by C:N ratio (Bruijn and
Butterbach‐Bahl 2010, Klimek and Niklinska 2010). Indeed, C:N ratio was higher for the
upper O‐layer in both this study and in a similar study (Klimek and Niklinska 2010), which
had higher respiration rates than the lower O‐layer. When respiration at 20°C and moderate
moisture is plotted against C:N ratio for this and similar studies (Bowden 1998, Leiros et al.
1999, Van Meeteren et al. 2007, Klimek and Niklinska 2010), respiration generally increases
with increasing C:N ratio (linear regression: P = 0.088, Adj. R2 = 0.448, n = 6). Soils with
higher C:N ratios (such as upper O‐layers) not only contain more C, but this C is likely more
labile than in lower horizons or for soils with lower C:N ratios. Once the labile organic
matter is respired, more recalcitrant organic matter is left behind and incorporated into
lower horizons, resulting in a decrease in substrate quality with increased depth (Rey et al.
2005, Klimek and Niklinska 2010).
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Despite different overall respiration rates, the two O‐horizon layers responded
similarly to temperature and moisture. I found that neither Q10 at high moisture nor the
moisture effect at 20°C differed between the two O‐horizon layers. Other studies show
conflicting results – a study of organic soils found a decrease in Q10 with depth (Klimek and
Niklinska 2010) while a study of mineral soils found an increase in Q10 with depth, but no
significant differences in the temperature sensitivity coefficient used to calculate Q10 (Rey et
al. 2005). Differences in Q10 with depth may indicate a difference in temperature sensitivity
between labile and recalcitrant organic matter fractions (Rey et al. 2005). The conflicting
results from these studies may be due to differences in litter type (Howard and Howard
1979), soil type (Howard and Howard 1993), ecosystem (Shaver et al. 2006, Chang et al.
2012), or chemical quality or decomposability of the soil organic matter, or other
differences in soil chemistry and physics (Shaver et al. 2006).
Contradictory results are reported in the few studies that have compared the
temperature and moisture sensitivity of organic and mineral soil respiration. Compared to
mineral soil, litter respiration had lower apparent temperature sensitivity but higher
sensitivity to soil moisture in one study (DeForest et al. 2009). Conversely, another found
that forest floor organic soil respiration was more responsive to temperature and moisture
than mineral soils (Bowden et al. 1998). Differences in the temperature and moisture
responses of soil respiration in mineral and organic soils may be due to differences in
substrate availability (DeForest et al. 2009) or quality (Shaver et al. 2006). Yet another study
found that although mineral soil respiration was more sensitive to temperature changes
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than organic soil respiration, the interaction coefficients in the regression equations found
for the organic and mineral layers were similar, suggesting that the moisture–temperature
interaction has a similar effect on both organic and mineral soil layers (Leiros et al. 1999).

4.7

Statistical Models of Moisture and Temperature Effects on Respiration
A complex temperature–moisture interaction best models the effects of

temperature and moisture on soil respiration at lower moistures. The effect of temperature
and moisture on soil respiration for the upper O‐layer at moistures below 230% was best
described by an equation with a temperature term and a temperature–moisture interaction
term. Although this was the best equation for this study site, several other equations also
worked well in describing the temperature–moisture interaction, but the equations
modeling a complex interaction worked better than equations modeling a multiplicative
interaction, and both multiplicative and complex interactions were better than equations
with no interaction of temperature and moisture. Several other studies have also found a
complex interaction between temperature and moisture (Raich and Schlesinger 1992,
Bowden et al. 1998, Leiros et al. 1999), some have found multiplicative interaction
(Davidson et al. 1998, DeForest et al. 2009, Klimek and Niklinska 2010), while yet others
have found only additive effects of temperature and moisture with no temperature–
moisture interaction (Van Meeteren et al. 2007, Chang et al. 2012). An equation with no
temperature–moisture interaction term to predict log‐respiration models a multiplicative
interaction, because log transformation of the dependent variable takes into account the
interaction of moisture and temperature without requiring a separate interaction term
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(Howard and Howard 1993, Rey et al. 2005). Upon inspection of the additive and
multiplicative effects, complicated equations sometimes only model a multiplicative
interaction (e.g., O’Connell 1990, DeForest et al. 2009). For a summary of temperature and
moisture effects found in the literature, see Appendix Table A9.
As several equations could be adequately used to predict respiration from
temperature and moisture for this study, I wanted to know how models reported by other
studies compared to the results of this study. To compare the results of this study to similar
studies of organic soil respiration (O’Connell 1990, Bowden et al. 1998, Leiros et al. 1999,
Van Meeteren et al. 2007, hereafter the “comparison studies”), the equations found in the
comparison studies were fitted to the data from this study (upper O‐layer, low moisture).
The coefficients in the equations from the comparison studies were converted to match the
units used in this study (µmolCO2/g [remaining] C/h). As Klimek and Niklinska (2010), who
studied two organic forest soil layers from a spruce forest in Poland, did not provide an
equation to describe the temperature and moisture interaction, estimates of their data
were extracted from their Figure 1B, and equations were fitted to the estimates to allow for
comparison to other studies, as appropriate.
All comparison studies reported an increase in respiration with temperature, and
moisture had a strong influence at low moistures (Figure 4). However, there were
quantitative differences between the comparison studies and this study (Table 8). A
fundamental difference between the studies must be noted – different moisture ranges
were used by the comparison studies. Van Meeteren et al. (2007) and Leiros et al. (1999)
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used only low moistures, similar to the ones in the low moisture drying study portion of this
research, reflecting the portion of the moisture range that is limiting to respiration. Bowden
et al. (1998) and O’Connell (1990) used a broader range of moistures, including both low
and high moistures, which required the modeling of both moisture limitation and a range of
moistures that did not affect respiration. The Bowden et al. (1998) equation was fitted to
the data from this study at low moistures as well as across the full range of moistures
examined. The O’Connell (1990) equation was only fitted to the data from this study across
the full range of moistures.
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D. O'Connell 1998
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Present Study 5

O'Connell Jarrah 5

Resp = (exp (‐2.26 + 0.263(1 – 0.00397T/0.263) /
(1 + 25.8e(‐0.094M))

ln(Resp) = ‐0.13 + 0.0080T + 0.0028M +
2
2
6.0E‐5T ‐ 6.6E‐6M ‐ 6.9E‐6TM

Figure 4. Comparison of regression equations fitted to data from (A, B, D) this study or (C) Klimek
and Niklinska (2010) with original regression equations from similar studies (A) Van Meeteren et
al. 2007, (B) Leiros et al. 1999, (C) Bowden et al. 1998, and (D) O’Connell 1998. Lines show
respiration at temperatures of 5 and 20°C across a range of moistures (%). Stated equations are
from the similar studies.
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Table 7. Comparison of this study to five similar studies, Van Meeteren et al. 2007, Leiros et al. 1999, Bowden et al. 1998, Klimek and
Niklinska 2010, and O’Connell 1990, as well as CENTURY‐type equation, and the best equation found for the present study.

P

SE of
the
Est.†

Delta
AIC(c)
and
rank
††

0.59

<0.001

N/A

N/A

100‐220

0.85

<0.001

0.60

28.2
(13)

4‐25

40‐220

0.75

<0.001

N/A

N/A

5‐20

100‐220

0.95

<0.001

0.34

17.4
(8)

Soil

Equation (converted to Resp units: µmolCO2/g
C/h) significance* (±95% CI for coefficients)

Temp
Range
(°C)

Moisture
Range
(%)

Adj.
R2

Litter

Resp = 1.0 + 0.16T+0.0097M

5‐20

50‐200

Upper O‐
horizon

Resp = ‐0.89 + 0.23***T + 0.015***M

5‐20

Leiros et al. 1999

O‐horizon

Resp = ‐0.091 + 0.070T – 0.0028M + 0.00069TM

This Study

Upper O‐
horizon

Resp = 3.0*** – 0.079T – 0.0089*M +
0.0020***TM

Study
Resp=T+M
Van Meeteren et
al. 2007
This Study

(1.4)(0.062)(0.0071)

Resp=T+M+TM

(1.8)(0.13) (0.011) (0.00079)
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Table 7. Comparison of this study to five similar studies, Van Meeteren et al. 2007, Leiros et al. 1999, Bowden et al. 1998, Klimek and
Niklinska 2010, and O’Connell 1990, as well as CENTURY‐type equation, and the best equation found for the present study.

Study

Soil

Equation (converted to Resp units: µmolCO2/g
C/h) significance* (±95% CI for coefficients)

Temp
Range
(°C)

Moisture
Range
(%)

Adj.
R2

P

SE of
the
Est.†

Delta
AIC(c)
and
rank
††

ln(Resp)=T+M+TM+T2+M2
Bowden et al.
1998
This Study

Forest
floor

ln(Resp) = ‐0.13 + 0.0080**T + 0.0028**M +
0.000060T2 ‐ 6.6E‐6**M2 ‐ 6.9E‐6TM

5‐25

64‐322

0.89

<0.001

N/A

N/A

Upper O‐
horizon

ln(Resp) = 0.84** ‐ 0.0062T + 0.0011M +
0.00051T2 – 4.32E‐6M2+ 0.00027***TM

5‐20

100‐220

0.97

<0.001

0.059

12.1
(5)

5‐20

100‐500

0.94

<0.001

0.66

N/A

5‐30

75‐600

0.87

0.005

0.011

N/A

(0.59) (0.046) (0.0065)
(0.0016) (0.000020) (0.00014)
This Study

Upper O‐
horizon

ln(Resp) = 1.47 – 0.25T + 0.020**M +
0.019**T2 – 4.0E‐5***M2+ 0.00080***TM
(2.55) (0.34) (0.011)
(0.013) (1.7E‐5) (0.00037)

Klimek and
Niklinska 2010

Olf/Ofh

ln(Resp) = 0.46* + 0.011**T + 0.00032**M ‐
0.00012T2 ‐ 3.6E‐7M2 ‐ 3.2E‐6*TM
(0.043) (0.0045) (0.00019)
(0.00012) (2.6E‐7) (3.8E‐6)
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Table 7. Comparison of this study to five similar studies, Van Meeteren et al. 2007, Leiros et al. 1999, Bowden et al. 1998, Klimek and
Niklinska 2010, and O’Connell 1990, as well as CENTURY‐type equation, and the best equation found for the present study.

Study

Soil

Equation (converted to Resp units: µmolCO2/g
C/h) significance* (±95% CI for coefficients)

Temp
Range
(°C)

Moisture
Range
(%)

Adj.
R2

P

SE of
the
Est.†

Delta
AIC(c)
and
rank
††

Resp=(e^(α + βT (1+γT/β))/ (1 + δe^(ΘM))
O’Connell 1990

Jarrah
litter

Resp= (exp (‐2.26 + 0.263(1 – 0.00397T/0.263) /
(1 + 25.8exp(‐0.094M))

4‐40

10‐260

0.932

N/A

N/A

N/A

O’Connell 1990

Karri litter

Resp = (exp (‐1.16 + 0.215T(1 – 0.00318T/0.215)
/ (1 + 23.1exp(‐0.07M)

4‐40

10‐260

0.943

N/A

N/A

N/A

This Study

Upper O‐
horizon

Resp = (exp (0.524 + 0.0469T(1 +
0.00097T/0.0469) / (1 + 4.34exp(‐0.0167M)

5‐20

100‐500

0.92

N/A

N/A

N/A

5‐20

100‐220

0.930

N/A

N/A

33.4
(14)

5‐20

100‐220

0.971

<0.001

0.053

0.0
(1)

Resp = max * [a*e^(bT)] * [c + dM] (CENTURY‐type model; Parton et al. 1987)
This Study

Upper O‐
horizon

Resp = 19.99 (0.126e(0.0574T))(0.328 + 0.00306M)

ln(Resp) = a + bT + dTM (best equation from the present study)
This Study

Upper O‐
horizon

ln(Resp) = 0.829 + 0.0095T + 0.026TM
(0.075) (0.0094) (0.0047)
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* indicates P < 0.1; ** indicates P< 0.05; *** indicates P< 0.01
†The standard error of the es mate is the square root of the residual mean square, which is an es mate of the average squared error in prediction
†† Note that AIC analysis ranking is based on comparison of all models for temperature and moisture effects on respiration at low moisture (see Appendix Table A7). AIC analysis
excludes the O’Connell model and the Bowden model for the full moisture range because these models used a larger moisture range than the other models, and
therefore cannot be directly compared using AIC analysis. AIC score and rank for models with units as “Resp” are based on equivalent equation converted to
“ln(Resp)”to maintain common response variable for accurate comparison.
N/A = data not available
Van Meeteren et al. 2007: shrub heathland in the Netherlands; litter equation for 0‐48 day incubation; did not indicate significance of individual equation coefficients
Leiros et al. 1999: oak forest in Spain; did not indicate significance of individual equation coefficients
Bowden et al. 1998: mixed hardwood forest in Massachusetts, USA; specified which individual equation coefficients were significant (P < 0.05)
Klimek and Niklinska 2010: spruce forest in Poland, equations calculated from data extracted from their Figure 1B
O’Connell 1990: eucalyptus forest in Australia; did not indicate significance of individual equation coefficients
This Study: Douglas fir forest in Pacific Northwest Washington, USA
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Although the model includes no temperature–moisture interaction term, there is
remarkable agreement between Van Meeteren et al. (2007) and the current study, both in
the response of respiration to moisture and temperature, as well as the magnitude of
respiration (Figure 4A). The similarity in respiration response in a heathland in the
Netherlands (Van Meeteren et al. 2007) and a conifer forest in the Pacific Northwest (the
current study) is confirmed by similar temperature and moisture coefficients. However,
since this equation does not include any temperature–moisture interaction, other
equations better describe the respiration response of the soils from the current study, as
evidenced by the low AIC ranking (13 out of 17).
The addition of a temperature–moisture interaction term to the Van Meeteren et al.
(2007) equation produces the equation of Leiros et al. (1999) and greatly improves the
model fit (Figure 4B). This simple addition changes an equation without any interaction into
an equation that models a complex interaction. However, the moderate AIC ranking (8 out
of 17) indicates other equations better describe the respiration response of the current
study. Leiros et al. (1999) and the current study had similar sign and magnitude of the
moisture and temperature–moisture interaction coefficients, although the temperature
term was not significant for the current study. The magnitude of respiration for the current
study was greater than for Leiros et al. (1999), and is reflected by the greater (positive)
intercept for the current study. The difference in vegetation type – oak woodland in Spain
(Leiros et al. 1999) vs. conifer forest in the Pacific Northwest (the current study) – and
related factors such as organic matter quality (Waldrop and Firestone 2004, Kirschbaum
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2006, Shaver et al. 2006, Bruijn and Butterbach‐Bahl 2010) may explain the difference in
intercept. Raich and Schlesinger (1992) also found that a similar equation with additive and
multiplicative temperature and moisture (as precipitation) terms best predicted global soil
respiration rates.
Bowden et al. (1998) and Klimek and Niklinska (2010) found that respiration
increased with moisture to a point, then decreased with additional moisture. Bowden et al.
(1998) modeled this effect with a quadratic equation including both additive effects of
incubation temperature and soil moisture as well as an interaction term – a complex
interaction. Klimek and Niklinska (2010) did not provide an equation, but reported that
respiration increased with increasing moisture (from low to moderate moisture), then
decreased with additional increase in moisture (from moderate to high moisture),
suggesting a curvilinear effect. The quadratic equation significantly fit all studies compared
(Bowden et al. 1998, Klimek and Niklinska 2010, and the current study), however, not all
terms in the model were significant. Only the temperature term, moisture term and
moisture‐squared term were significant for Bowden et al. (1998). For Klimek and Niklinska
(2010), only the intercept, temperature term and moisture term were significant. For the
current study, only the intercept and the temperature–moisture interaction term were
significant. The fact that neither quadratic term (temperature‐squared nor moisture‐
squared) was significant for the current study or Klimek and Niklinska (2010) suggests that
the quadratic terms are not needed to explain the variation in respiration for these soils.
However, AIC analysis ranked this equation as the fifth best model overall, indicating that
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even though not all terms are significant, it is still a good model for predicting the response
of respiration to temperature and moisture. When the quadratic equation was fitted to the
full moisture spectrum, the quadratic terms were significant, although the intercept and
temperature terms were not. The lack of a quadratic response for Klimek and Niklinska
(2010) may be explained by the fact that the moisture effect was only apparent when
respiration was pooled across temperatures; the effect is not apparent when temperature
and moisture are considered separately. The magnitude of respiration for the current study
was much higher than for the other studies, and was therefore excluded from Figure 4C.
O’Connell (1990) and the synthesized results of this study (full moisture range)
found a positive moisture effect at low moisture and no moisture effect at high moisture
that could be modeled by a logistic function (Figure 4D). O’Connell (1990) found that
respiration increased with temperature and with moisture up to 100%, above which no
further moisture effect was observed. Similarly, the current study found that respiration
increased with moisture from 100–230%, but no increase in respiration was observed when
moisture increased from 230–500%. The moisture response was much stronger and more
rapid (steeper increase) for O’Connell (1990) than for the current study; respiration
increased by a factor of 11 from the lowest to the highest moisture for O’Connell (1990),
but only by a factor of 1.8 for the current study. In addition, the respiration plateau at high
moisture increased by a factor of 11.6 between 5 and 20°C for O’Connell (1990), but only by
a factor of 3.0 for the current study. Although the model reported by O’Connell (1990)
appears more complicated than the other equations reported in this comparison, it only
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models a multiplicative interactive effect of temperature and moisture. This illustrates the
difficulty in incorporating the complex interaction between temperature and moisture that
occurs in nature. The current study had a higher magnitude of respiration than O’Connell
(1990) at both temperatures, which, as described above, may be described by differences in
vegetation (eucalypt forest vs. conifer forest) or soil organic matter quality.
Ultimately, a variety of different equations can be used to adequately describe the
response of respiration to temperature and moisture, but the inclusion of a temperature–
moisture interaction term is necessary, and a complex interaction model is best. Despite the
variety of equations found by similar studies and the differences in coefficients, the data
from this study were fit by each of the equations found in the comparison studies. The two
best comparison equations (ln[Resp] = a + bT + cM + dTM + eT2 + fM2 [Bowden et al. 1998]
and Resp = a + bT + cM + dTM [Leiros et al. 1999]), which were ranked 5th (R2 = 0.97) and 8th
(R2 = 0.95) in AIC analysis, respectively, both described a complex interaction of
temperature and moisture. The all‐possible‐regressions procedure further found that a
wide variety of traditional linear regression equation types worked well in predicting
respiration from temperature and moisture, but the complex interaction was best at
describing this relationship, as evidenced by the top ten AIC‐ranked equations describing a
complex interaction (Appendix Table A7). A complex interaction is the best way to describe
the temperature–moisture interaction, but a variety of equation forms that include a
complex interaction can be used to predict respiration from temperature and moisture; the
five best equations, based on AIC and regression, had R2 of 0.96–0.97, suggesting similar
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ability to predict respiration. However, the ability to use multiple equations to describe the
respiration response to temperature and moisture for soils other than those examined in
this study is unknown, as multiple equations were not reported for the similar studies used
in this comparison. As previously mentioned, the moisture range selected for a particular
study affects the type of equation that can be used to describe the data. It is clear from the
comparisons above that respiration in a study that uses a broad moisture range (such as
O’Connell 1990) cannot be described by a simple linear equation.

4.8

Comparison with Functions in Process Models
Addition of the complex interactive effect of temperature and moisture on soil

respiration can improve ecosystem‐level C budget models. The CENTURY and Rothamsted
models simulate ecosystem C budgets and calculate soil respiration rates, but they assume
only a multiplicative effect of temperature and moisture (Figures 6A and 6B). The ratio of
respiration at 20°C to respiration at 5°C remains static across all moistures: 6.0 for CENTURY
and 5.6 for Rothamsted. In contrast, the findings of this study indicate the temperature
response varies with moisture; i.e., the interaction of temperature and moisture is complex.
For the upper O‐layer in this study, the ratio of respiration at 20°C to respiration at 5°C
ranged from 1.5 at 100% moisture to 2.2 at 220% moisture, and averaged 1.8 at higher
moistures. An equation similar to the temperature and moisture functions used in modeling
respiration response in CENTURY was fitted to the results of this study for the upper O‐layer
at low moisture, but this equation explained only 93% of the variation in the respiration
response, and was ranked 14th out of 17 equation types compared in AIC analysis (Figure 5c,
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Table 8, Appendix Table A7). This and other studies that have found complex temperature–
moisture interactions provide a basis to evaluate and possibly improve respiration functions
in C budget models. Ultimately, the complex interaction may need to be taken into account
in global modeling of soil C.
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Figure 5. Relative respiration by moisture for (A) CENTURY model (Parton et al. 1987), (B)
Rothamsted model (Coleman and Jenkinson 2008), and (C) CENTURY‐type equation fitted to data
from this study, upper O‐layer at low moisture.

4.9

Future Study Recommendations
Additional studies of the respiration response of organic soils are needed to describe

the temperature and moisture controls of soil respiration and their interactions
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comprehensively, particularly to refine the form of the equation that models this
interaction. Future studies should consider the following:


Reduce and/or acknowledge pseudoreplication;



Address the potential confounding effects of time;



Use a broad spectrum of moisture and temperature treatments over the natural
range for the study site to capture the full spectrum of potential moisture and
temperature–moisture effects on soil respiration, and to further refine the
nature and limits of the temperature–moisture interaction;



Report moisture units as gravimetric water content (g water/g dry soil), water
holding capacity, and matric potential whenever possible to allow for better
comparison of the results of different studies;



Examine multiple equation types and report information on all equation types
considered, not just the equation providing best fit, to allow for better
comparison of the results of different studies; and



Address the questions:
o What additional factors, other than temperature and moisture, might be
required to accurately predict soil respiration?
o Do study design and methods affect results or conclusions about the
equation that describes temperature and moisture effects?
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o What are the potential effects of respiration measurement technique,
incubation time, temperature range and/or moisture range?
Pseudoreplication, the use of statistical tests without treatment replication or with
replicates that are not statistically independent, should be avoided where possible and
acknowledged when present. Although pseudoreplication is present in many ecological
studies, unacknowledged pseudoreplication can result in improper conclusions and
interpretations of data due to inappropriate error terms (based on incorrect n) in the
statistical tests on which the conclusions are based (Hurlbert 1984). This study, as is
common with soil respiration incubation studies, includes pseudoreplication because of
limits of time, funding, and manpower. This study does not include replication of
temperature treatments, as four incubators each set to a different temperature were used
– a common component of the experimental design of studies examining temperature
controls of soil respiration. Due to the lack of true replication of the temperature treatment,
all moisture treatments for each temperature were grouped within one incubator (i.e., the
moisture treatments were not independent), which led to inability to directly assess the
temperature‐moisture interaction by using multiple regression or 3‐factor ANOVA (factors =
layer, temperature, moisture). The following data analysis strategies were used in this study
to avoid improper interpretation:


In the high moisture study, each incubation dish was quantified by a time‐
weighted respiration rate. Otherwise the multiple measurements over time
would have been pseudoreplicates.
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In the low moisture study, each incubation dish was quantified by a single
respiration value, which was derived from multiple measurements over time.
Otherwise, the multiple measurements would have been pseudoreplicates.



Statistical analysis was performed among moisture treatments within each
incubation chamber (Figure 2). Otherwise, moisture and temperature treatments
would have been improperly treated as independent.



In the statistical analysis to determine whether the moisture effect (respiration–
moisture slope) varied with temperature, regression analysis used an average
respiration value at each of the n = 4 temperatures. Otherwise, the multiple
measurements per temperature would have been pseudoreplicates.



Statistical derivation of Q10used an average respiration value for each of the n =
4 temperatures. Otherwise, the multiple measurements per temperature would
have been pseudoreplicates.

In calculating the equation to describe the temperature‐moisture effect, however,
multiple moistures at multiple temperatures were needed to determine an equation to
describe the overall response of soil respiration. Pseudoreplication occurred due to the lack
of multiple incubation chambers per temperature. To minimize the effects of
pseudoreplication, summarized respiration rates for four moistures per temperature were
used to determine the equations. This is not a challenge unique to the present study; due to
the limitation of space, materials, time and funding, many similar soil respiration studies
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have presented results that were obtained from data that may not have been independent
(e.g., moisture treatments within one incubator) and did not include true temperature
replication (e.g., only one incubator per temperature). Ideally, studies should use a fully
factorial design with true replication of temperature treatments and a wide range of
moistures to avoid pseudoreplication.
Future studies should examine several different equations to describe temperature
and moisture controls of respiration, and report all significant equations, not just the
equation with the best fit. It is possible that a common equation can be found that
adequately predicts respiration for a variety of different soils and ecosystems, even if it is
not the best equation for any particular study site. Each of the organic soil incubation
studies compared here reported different equations that best described the relationship of
temperature and moisture and their effect on respiration. However, as these authors did
not report the forms of other equations examined, it is unclear which equation forms were
considered in each study, and if the equation forms examined varied from study to study.
The different best fit equations may be explained by researchers examining only a few
equation forms, with different researchers examining different equations with little or no
overlap from study‐to‐study. Alternatively, the nature of the temperature and moisture
effects, and their interaction, may be site specific. In the future, researchers should try a
variety of equation types, report which were examined, and provide information on all
equations, not just the best fit. Researchers should keep in mind that different equations
are needed to represent different moisture classes (e.g., low moisture, high moisture or
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very high [saturated] moisture). If any one moisture class is considered alone, such as low
moistures considered by Van Meeteren et al. (2007), Leiros et al. (1999), and the low
moisture drying study portion of this research, simple linear temperature or moisture terms
may be sufficient to describe the respiration response. When multiple moisture classes are
represented by the same equation, quadratic terms, logistic equations and other more
complex equation types(e.g., such as those described by Bowden et al. 1998 and O’Connell
1990) may be needed to describe the response of respiration. If a common equation can be
found to sufficiently predict respiration from temperature and moisture for multiple soil
types and soil layers, future studies should examine the factors that explain differences in
coefficients from one site or layer to another.

4.10

Conclusion
This study found that, for the upper O‐layer at low moistures (<230%), temperature

and moisture interact in their effect on soil respiration. This temperature–moisture
interaction was best described in statistical models as a complex interaction, in which the
proportional response of respiration to increased temperature increased with greater
moisture. At high moistures (200–500%) for both upper and lower O‐layers, temperature
played the predominant role in influencing soil respiration, with moisture having little or no
effect. The upper O‐layer had a higher respiration rate than the lower O‐layer at all
temperature–moisture treatment levels, but the respiration response of the two layers to
temperature and moisture did not differ. Net N immobilization was not significantly
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influenced by either temperature or moisture, but more N was immobilized in the upper O‐
layer than the lower O‐layer.
Due to lack of consensus in the literature on the nature of the moisture effect,
future laboratory incubation studies should ensure that treatments provide a range of
moistures that include sufficiently high and low moistures that are likely to result in
measurable respiration limitation. Inclusion of very high and very low moistures will allow
researchers to refine the shape of the respiration response curve for a variety of soils.
Similarly, lack of consensus in the literature of the nature of the temperature–
moisture interaction, or the existence of one in all soils, requires resolution. Studies need to
be designed so that the temperature–moisture interaction can be analyzed with high
statistical validity. Understanding which equation(s) best describe the effects of
temperature and moisture on soil respiration is important for predicting long‐term changes
in global C budgets. While the CENTURY and Rothamsted models assume a multiplicative
effect of temperature and moisture, this and other research has shown a more complex
temperature–moisture interaction. Ultimately, this complex interaction may need to be
taken into account in global C budget models to better predict changing C fluxes as a result
of global climate change.
Due to the very low number of studies examining multiple organic soil or litter
layers, or comparing mineral and organic soil respiration, additional studies of these
comparisons are needed to determine whether soil layers display similar or different
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temperature and moisture effects. The results of this study, which found no difference in
moisture or temperature effect between the two O‐layers, support the CENTURY and
Rothamsted models’ assumption that all soil layers respond similarly to temperature and
moisture, but are in conflict with the results of other studies that have found different
temperature effects (Q10) for different soil layers and soil depths. Other studies indicate
that there are differences in temperature and moisture effects on soil respiration in soils
with different substrate quality or between organic and mineral soils. Additional research is
needed to determine the exact nature of these differences, and further exploration is
needed to explain the cause of these differences, if they do indeed exist. Further, additional
studies are needed to adequately describe the extent and nature of the coupling of C and N
dynamics in soils under potential climate change scenarios. Ultimately, lack of consensus on
the nature of the temperature–moisture interaction in different soils and soil layers means
that additional studies are required to determine whether a single response function is
sufficient to describe this effect for all soils, or if the response of soil respiration is site
specific and requires additional predictive terms.

72

5.

Literature Cited

Azzalini, A. and P.J. Diggle. 1994. Prediction of soil respiration rates from temperature,
moisture content and soil type. Applied Statistics 43(3):505‐526.
Binkley, D., Stottlemyer, R., Suarez, F., and J. Cortina. 1994. Soil nitrogen availability in some
arctic ecosystems of northwest Alaska: responses to temperature and moisture.
Ecoscience 1:64‐70.
Bowden, R.D., Newkirk, K.M. and G.M. Rullo. 1998. Carbon dioxide and methane fluxes by a
forest soil under laboratory‐controlled moisture and temperature conditions. Soil
Biology and Biochemistry 30(12):1591‐1597.
Bruijn, A.M.G and K. Butterbach‐Bahl. 2010. Linking carbon and nitrogen mineralization with
microbial responses to substrate availability – the DECONIT model. Plant and Soil
328:271‐290.
Chang, X., Zhu, X., Wang, S., Luo, C., Zhang, Z., Duan, J., Bai, L. and W. Wang. 2012.
Temperature and moisture effects on soil respiration in alpine grasslands. Soil
Science 177(9):554‐560.
Chapin, F.S. III, Woodwell, G.M., Randerson, J.T., Rastetter, E.B., Lovett, G.M., Baldocchi,
D.D., Clark, D.A., Harmon, M.E., Schimel, D.S., Valentini, R., Wirth, C., Aber, J.D.,
Cole, J.J., Goulden, M.L., Harden, J.W., Heimann, M., Howarth, R.W., Matson, P.A.,
McGuire, A.D., Melillo, J.M., Mooney, H.A., Neff, J.C., Houghton, R.A., Pace, M.L.,
Ryan, M.G., Running, S.W., Sala, O.E., Schlesinger, W.H. and E.‐D. Schulze. 2006.
Reconciling carbon‐cycle concepts, terminology, and methods. Ecosystems 9:1041‐
1050.
Ciais, P., Tans, P.P., Troller, M., White, J.W.C. and R.J. Francey. 1995. A large northern
hemisphere terrestrial CO2 sink indicated by the 13C/12C ratio of atmospheric CO2.
Science 269:1098‐1102.
Coleman, K. and D.S. Jenkinson. 2008. ROTHC‐26.3 A model for the turnover of carbon in
soil: Model description and Windows user guide. November 1999 Issue (modified
August 2008). Rothamsted Research, Harpenden, Harts, UK. Available at
http://www.rothamsted.ac.uk/sites/default/files/attachments/2013‐10‐
03/mod26_3_win.pdf. Last accessed 4/5/2014.

73

Curiel Yuste, J., Baldocchi, D.D., Gershenson, A., Goldstein, A., Mission, L. and S. Wong.
2007. Microbial soil respiration and its dependency on carbon inputs, soil
temperature and moisture. Global Change Biology 13:2018‐2035.
Davidson E.A., Belk, E. and R.D. Boone. 1998. Soil water content and temperature as
independent or confounded factors controlling soil respiration in a temperate mixed
hardwood forest. Global Change Biology 4:217‐227.
Davidson, E.A., Janssens, I.A. and Y. Luo. 2006. On the variability of respiration in terrestrial
ecosystems: moving beyond Q10. Global Change Biology 12:154‐164.
DeForest, J.L., Chen, J. and S.G. McNulty. 2009. Leaf litter is an important mediator of soil
respiration in an oak‐dominated forest. International Journal of Biometeorology
53:127‐134.
Dobson, A., A. Jolly and D. Rubenstein. 1989. The greenhouse effect and biological diversity.
Trends in Ecology and Evolution 4(3):64‐68.
Edwards, N.T. 1975. Effects of temperature and moisture on carbon dioxide evolution in a
mixed deciduous forest floor. Soil Science Society of America Proceedings 39:361‐
365.
Eswaran, H., Van Den Berg, E. and P. Reich. 1993. Organic carbon in soils of the world. Soil
Science Society of America Journal 57:192‐194.
Fang, C. and J.B. Moncrieff. 2001. The dependence of soil CO2 efflux on temperature. Soil
Biology and Biochemistry 33:155‐165.
Fissore, C., Giardina, C.P., Swanston, C.W., King, G.M. and R.K. Kolka. 2009. Variable
temperature sensitivity of soil organic carbon in North American forests. Global
Change Biology 15:2295‐2310.
Gessel, S.P., Cole, D.W. and E.C. Steinbrenner. 1973. Nitrogen balance in forest ecosystems
of the Pacific Northwest. Soil Biology and Biochemistry 5:19‐34.
Gordon, Elizabeth. 2012. Personal Communication. Senior Applications Analyst,
Environmental Li‐Cor Biosciences Inc. Email correspondence January 31, 2012.

74

Grant, R.F. and P. Rochette. 1994. Soil microbial respiration at different water potentials
and temperatures: theory and mathematical modeling. Soil Science Society of
America Journal 58:1681‐1690.
Guntinas, M.E., Gil‐Sotres, F., Leiros, M.C. and C. Trasar‐Cepeda. 2013. Sensitivity of soil
respiration to moisture and temperature. Journal of Soil Science and Plant Nutrition
13(2):445‐461.
Hart, Stephen C. 2006. Potential impacts of climate change on nitrogen transformations and
greenhouse gas fluxes in forests: a soil transfer study. Global Change Biology
12:1032‐1046.
Hart, Stephen C. and David A. Perry. 1999. Transferring soils from high‐ to low‐elevation
forests increases nitrogen cycling rates: climate change implications. Global Change
Biology 5:23‐32.
Hobbie and Vitousek. 2000. Nutrient Limitation of Decomposition in Hawaiian Forests.
Ecology 81(7):1867‐1878
Homann, P.S., Bormann, B.T., Boyle, J.R., Darbyshire, R.L. and R. Bigley. 2008. Soil C and N
minimum detectable changes and treatment differences in a multi‐treatment forest
experiment. Forest Ecology and Management 255:1724‐1734.
Homann, P.S. 2014. Personal Communication.
Houghton, R.A. and G.M. Woodwell. 1989. Global Climatic Change. Scientific American
260(4):36‐44.
Howard, P.J.A. and D.M. Howard. 1979. Respiration of decomposing litter in relation to
temperature and moisture. Oikos 33:457‐465.
Howard D.M. and P.J.A. Howard. 1993. Relationships between CO2 evolution, moisture
content and temperature for a range of soil types. Soil Biology and Biochemistry
25:1537‐1546.
Hurlbert, S.H. 1984. Pseudoreplication and the design of ecological field experiments.
Ecological Monographs 54(2):187‐211.
Inclán, R., Uribe, C., De La Torre, D., Sánchez, D.M., Clavero, M.A., Fernández, A.M.,
Morante, R., Cardeña, A., Fernández, M. and A. Rubio. 2010. Carbon dioxide fluxes
75

across the Sierra de Guadarrama, Spain. European Journal of Forest Research
129:93‐100.
IPCC. 2013. Climate Change 2013. The Physical Science Basis: Summary for Policymakers –
Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Stocker, T.F., Qin, D., Plattner, G.‐K.,
Tignor, M.M.B., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V. and P.M. Midgley
(eds.). Available at: www.climatechange2013.org. Last accessed 5/3/2014.
Jenkinson, D.S., Adams, D.E. and A. Wild. 1991. Model estimates of CO2 emissions from soils
in response to global warming. Nature 351:304‐306.
Killham, K. 1994. Soil Ecology. Cambridge University Press. Cambridge, UK.
Kirschbaum, M.U.F. 1995. The temperature dependence of soil organic matter
decomposition, and the effect of global warming on soil organic C storage. Soil
Biology and Biochemistry 27(6):753‐760.
Kirschbaum, M.U.F. 2000. Will changes in soil organic carbon act as a positive or negative
feedback on global warming? Biogeochemistry 48(1):21‐51.
Kirschbaum, M.U.F. 2006.The temperature dependence of organic‐matter decomposition –
still a topic of debate. Soil Biology and Biochemistry 28:2510‐2518.
Klimek, B. and M. Niklinska. 2010. How decomposition of organic matter from two soil
layers along an altitudinal climatic gradient is affected by temperature and moisture.
Polish Journal of Environmental Studies 19(6):1229‐1237.
Kottek, M., Grieser, J., Beck, C., Rudolf, B. and F. Rubel. 2006. World Map of the Köppen‐
Geiger climate classification updated. Meteorol. Z.15:259‐263. Available:
http://koeppen‐geiger.vu‐wien.ac.at/usa.htm. Last accessed: 6/20/2014.
Leiros, M.C., Trasar‐Cepeda, C., Seoane, S. and F. Gil‐Sotres. 1999. Dependence of
mineralization of soil organic matter on temperature and moisture. Soil Biology and
Biochemistry 31:327‐335.
Lloyd, J. and J.A. Taylor. 1994. On the temperature dependence of soil respiration.
Functional Ecology 8:315‐323.

76

Mathes, K. and T. Schreifer 1985. Soil respiration during secondary succession: influence of
temperature and moisture. Soil Biology and Biochemistry 17(2):205‐211.
Mengel, K. and E.A. Kirkby. 1982. Principles of Plant Nutrition. 3rd Edition. International
Potash Institute. Bern, Switzerland.
Mote, P., Salathe, E., Duliere, V. and E. Jump. 2008. Scenarios of future climate for the
Pacific Northwest. Climate Impacts Group. University of Washington.
O’Connell, A.M. 1990. Microbial decomposition (respiration) of litter in eucalypt forests of
south‐western Australia: an empirical model based on laboratory incubations. Soil
Biology and Biochemistry 22(2):153‐160.
Panikov, N.S. 1999. Understanding and prediction of soil microbial community dynamics
under global change. Applied Soil Ecology 11:161‐176.
Parton, W.J., Schimel, D.S., Cole, C.V. and D.S. Ojima. 1987. Analysis of factors controlling
soil organic matter levels in Great Plains grasslands. Soil Science Society of America
Journal 51:1173‐1179.
Peterjohn, W.T., Melillo, J.M., Streudler, P.A., Newkirk, K.M., Bowles, F.P. and J.D. Aber.
1994. Responses of trace gas fluxes and N availability to experimentally elevated soil
temperatures. Ecological Applications 4:617‐625.
Poyatos, R., Heinemeyer, A., Ineson, P., Evans, J.G., Ward, H.C., Huntley, B. and R. Baxter.
2014. Environmental and vegetation drivers of seasonal CO2 fluxes in a sub‐arctic
forest‐mire ecosystem. Ecosystems 17:377‐393.
PRISM Climate Group, Oregon State University. 2014. Climate Normals for Longitude ‐
124.277, Latitude 48.03 1981‐2010. Available: http://prism.oregonstate.edu/. Last
accessed 3/22/2014.
Raich, J.W. and W.H. Schlesinger. 1992. The global carbon dioxide flux in soil respiration and
its relationship to vegetation and climate. Tellus 44B:81‐99.
Rey, A., Petsikos, C., Jarvis, P.G. and J. Grace. 2005. Effect of temperature and moisture on
rates of carbon mineralization in a Mediterranean oak forest soil under controlled
and field conditions. European Journal of Soil Science 56:589‐599.

77

Rustad L.E., Huntington, T.G. and R.D. Boone. 2000. Controls on soil respiration:
Implications for climate change. Biogeochemistry 48:1‐6.
Rustad L.E., Campbell, J.L, Marion, G.M., Norby, R.J., Mitchell, M.J., Hartley, A.E.,
Cornelissen, J.H.C. and J. Gurevitch. 2001. A meta‐analysis of the response of soil
respiration, net nitrogen mineralization and aboveground plant growth to
experimental ecosystem warming. Oecologia 126(4):543‐562.
Ryan, M.G. and B.E. Law. 2005. Interpreting, measuring and modeling soil respiration.
Biogeochemistry 73:3‐27.
Schleser, G.H. 1982. The response of CO2 evolution from soils to global temperature
changes. ZeitschriftfürNaturforschung (Journal for Nature Research) 37a:287‐291.
Sequaris, J.‐M., Herbst, M., Weihermuller, L., Bauer, J. and H. Vereecken. 2010. Simulating
decomposition of 14C‐labelled fresh organic matter in bulk soil and soil particle
fractions at various temperatures and moisture contents. European Journal of Soil
Science 61:940‐949.
Shaver, G.R., Giblin, A.E., Nadelhoffer, K.J., Thieler, K.K., Downs, M.R., Laundre, J.A. and E.B.
Rastetter. 2006. Carbon turnover in Alaskan tundra soils: effects of organic matter
quality, temperature, moisture and fertilizer. Journal of Ecology 94:740‐753.
Shaw, M.R. and J. Harte. 2001. Response of nitrogen cycling to simulated climate change:
differential responses along a subalpine ecotone. Global Change Biology 7:193‐210.
Stevenson, F.J. 1986. Cycles of Soil: Carbon, Nitrogen, Phosphorus, Sulfur, Micronutrients.
Wiley‐Interscience, John Wiley & Sons, Inc. New York.
Sundquist, E.T. 1993. The global carbon dioxide budget. Science 259(5097):934‐941.
Tans, P.P., Fung, I.Y. and T. Takahashi. 1990. Observational constraints on the global
atmospheric CO2 budget. Science 247(4949):1431‐1438.
USDA Natural Resources Conservation Service. 2014. Solduc very gravelly sandy loam.
National Cooperative Soil Survey. Web Soil Survey. Available at
http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx. Last accessed
3/22/2014.

78

U.S. Forest Service. 2013. Long‐Term Ecosystem Productivity: Long‐term, large‐scale
experiment
sites
website.
Available
at
http://www.fs.fed.us/pnw/ecop/ltep/research/sites.shtml.
Last
accessed
3/22/2014.
Valentini, R., Matteucci, G., Dolman, A.J., Schulze, E.D. Rebmann, C., Moors, E.J., Granier, A.,
Gross, P., Jensen, N.O., Pilegaard, K., Lindroth, A., Grelle, A., Bernhofer, C.,
Grünwald, T., Aubinet, M., Ceulemans, R., Kowalski, A.S., Vesala, T., Rannik, Ü.,
Berbigier, P., Loustau, D., Guomundsson, J., Thorgeirsson, H., Ibrom, A.,
Morgenstern, K., Clement, R., Moncrieff, J., Montagnani, L.,Minerbi, S., and P.G.
Jarvis. 2000. Respiration as the main determinant of carbon balance in European
forests. Nature 404:861‐865.
Van Meeteren M.J.M., Tietema, A. and J.W. Westerveld. 2007. Regulation of microbial
carbon, nitrogen and phosphorus transformations by temperature and moisture
during decomposition of Calluna vulgaris litter. Biology and Fertility of Soils 44:103‐
112.
Waldrop, M.P. and M.K. Firestone. 2004. Altered utilization patterns of young and old C by
microorganisms caused by temperature shifts and N additions. Biogeochemistry
67:235‐248.
Westco Scientific Instruments, Inc. 2007a. Ammonia in water, waste water, soil extracts and
other aqueous samples. SmartChem 200 Method 210‐200B (Rev: April 2007)
Ammonia‐Nitrogen EPA 350.1
Westco Scientific Instruments, Inc. 2007b. Nitrate‐nitrite in water, waste water, soil extracts
and other aqueous samples. SmartChem 200 Method 375‐100E‐1 (Rev: April 2007)
Nitrate‐Nitrite Cd EPA 353.2
Yurova, A.Y., Volodin, E.M., Agren, G.I., Chertov, O.G. and A.S. Komarov. 2010. Effects of
variations in simulated changes in soil carbon contents and dynamics on future
climate projections. Global Change Biology 16:823‐835.
Zheng, X., Zhao, C., Peng., S., Jian, S., Liang, B., Wang, X., Yang, S., Wang, C., Peng, H. and Y.
Wang. 2014. Soil CO2 efflux along an elevation gradient in Qinghai spruce forests in
the upper reaches of the Heine River, northwest China. Environmental Earth Science
71:2065‐2076.

79

Zhou, W., Hui, D. and W. Shen. 2014. Effects of soil moisture on the temperature sensitivity
of soil heterotrophic respiration: a laboratory incubation study. PLoS ONE
9(3):e92531. Doi:10.1371/journal.pone.0092531. Last accessed 5/14/2014.

80

6.

Appendix

A1.

Incubation Temperatures
Soil incubation temperature was monitored throughout the incubation using two

Thermochron iButtons per chamber (Table A1).3 Average measured temperature was within
1°C of nominal incubation temperature.
Table A1. Nominal and measured incubation temperatures (n = 2).
Nominal Incubation
Temperature (°C)

Average Measured
Temperature (°C)

Standard Deviation

±95% CI

5

5.8

0.17

1.5

10

9.7

0.14

1.3

15

14.8

0.10

0.93

20

19.4

0.17

1.5

A2.

Effect of Time on Respiration
Concerns regarding the effects of incubation time arise in all but very short‐term

incubation studies. In this study, an additional concern is the confounding of time and
moisture in the low moisture drying study (study 2). Time effect was examined for both the
high moisture and the low moisture drying studies.

3

Average measured temperature was used for all statistical analyses and in figures. However, for ease of
reference, nominal temperature was used when temperature chambers were not directly compared, in tables
and when discussing the incubation temperatures in the text.
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A2.1

Effect of Time on Respiration at High Moisture

What is the temporal pattern of respiration?
Figure A1 and Figure A2 below illustrate two examples of the temporal response of
respiration throughout the high moisture study. Figure A1 illustrates a dish with a significant
decrease in respiration with time. Figure A2 illustrates a dish with a non‐significant response

Respiration (µmolCO2/g remaining C/h)

of respiration over time.

7
6
5
4
3
2
y = 0.005x2 ‐ 0.239x + 6.294
Adj. R² = 0.893, p < 0.001
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0
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20
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Incubation Time (Day)

Figure A1. Respiration rate by incubation time for lower layer soil at 300% moisture incubated at
20°C (Dish 45). Each diamond represents the average of three respiration measurements for one
day for this dish.
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Respiration (µmolCO2/g remaining C/h)
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y = 0.004x2 ‐ 0.136x + 6.340
Adj. R2 = ‐0.166, p = 0.756
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Figure A2. Respiration rate by incubation time for upper layer soil at 500% moisture incubated at
10°C (Dish 30). Each diamond represents the average of three respiration measurements for one
day for this dish.

Linear and quadratic regression analysis was performed on each dish individually to
determine if average respiration rate (µmolCO2/g remaining C/h) was dependent on
incubation time. For the upper layer, 6 out of 32 dishes (19%) had significant regressions
(Table A2). For the lower layer, 17 out of 32 dishes (53%) had significant regressions.
Change in respiration rate from day 1 to day 27 was determined for each dish from its
regression equation. Average change in respiration rate differed from zero for five of the
eight temperature‐layer combinations (p < 0.05, Table A2). Average respiration rate
declined by as much as 35% from day 1 to day 27 (lower layer, 10°C).
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Table A2. Temporal change in respiration at high moisture, as indicated by linear and quadratic
regression (respiration vs. time), and change in respiration from day 1 to day 27.
Change in Respiration from
Day 1 to 27
(µmolCO2/g remaining C/h)

Layer

Temp (°C)

Number of
Dishes with
Significant
Regression
(out of 8
dishes)

Upper

5

1

‐0.8

1.4

0.144

Upper

10

1

‐0.7

0.7

0.038

Upper

15

0

‐0.2

1.4

0.703

Upper

20

4

‐2.7

1.5

0.001

Lower

5

3

‐0.3

0.6

0.158

Lower

10

4

‐1.0

0.6

0.001

Lower

15

4

‐0.8

0.6

0.004

Lower

20

6

‐1.6

0.9

0.001
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Average

Standard
Deviation

T‐Test Result
(H0: change=0)
p‐value
(n=8 dishes)

A2.2

Effect of Time on Respiration at Low Moisture

What is the temporal pattern of respiration?
During the low moisture drying study, respiration tended to decrease as moisture

6

250

5

200

4

150

3
100

2

Moisture (%)

Respiration (µmolCO2/g remaining C/h)

decreased and incubation time increased (e.g., Figure A3).

50

1
0

0
0

20

40

60

80

100

120

Incubation Time (Day)
High Moisture Study

Drying Study

Moisture

Figure A3. Respiration and moisture by incubation time for both studies for upper layer soil at 5°C
(Dish 33). Each square and diamond represents the average of two respiration measurements for
one day for this dish. Each triangle represents moisture measurement for one day taken
immediately prior to respiration measurement.

The decline in respiration rate could be due to either increased incubation time or
decreased moisture. In the 35 days prior to commencement of the drying study, some
decline in respiration occurred at constant high moisture in three of five layer–temperature
combinations (Table A3); whether this decline with time continued during drying is not
clear. Dishes at the same temperature and different initial moistures reached 160%
moisture at different times, but had similar respiration rates at 160% moisture (Figure A4),
suggesting time alone was not influencing the decrease in respiration rate. Therefore, the
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decline in respiration associated with the low moisture drying study is more likely attributed
to decreased moisture rather than increased incubation time.
Table A3. Change in respiration at constant high moisture prior to drying study, from incubation
day 27 (last day of high moisture study) to day 61 (first day of low moisture drying study).
Respiration (µmolCO2/g remaining C/h)
Average of 8 Dishes
Average
Respiration on
Day 61

Change from
Day 27 to 61

Paired T‐Test
Result
(p‐value)

Layer

Temp (°C)

Average
Respiration on
Day 27

Upper

5

3.8

3.5

‐0.3

0.312

Upper

10

4.8

4.3

‐0.5

0.068

Upper

15

6.7

5.8

‐1.0

0.001

Upper

20

10.7

9.9

‐0.8

0.031

Lower

20

4.0

3.8

‐0.2

0.372

Respiration at 160% Moisture
(µmolCO2/g remaining C/h)

9
8
7
6

Upper 20

5

Upper 15

4

Upper 10

3

Upper 5

2

Lower 20

1
0
0

20

40

60

80

Day at 160% moisture

Figure A4. Respiration at 160% moisture by incubation time for each layer‐temperature
combination. Each symbol represents the calculated respiration rate at 160% moisture for one
dish.
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A3.

Respiration

A3.1

Study 1: Effect of Layer, Temperature and High Moisture on Respiration
A two‐factor ANOVA (four moistures and two layers fixed) found that neither layer–

moisture interaction nor moisture had a significant effect on respiration at any temperature
(Table A4). Figure A5 illustrates time‐weighted respiration rate by moisture at 20°C as an
example.
Table A4. P‐values for two‐factor ANOVA (fixed factors = 2 layers, 4 moistures) at high moisture.

Moisture p

Layer p

For Pooled Moisture,
Amount Upper Layer
Respiration Rate is
Greater Relative to
Lower Layer Rate (%)

Temp (°C)

n*

Layer‐
Moisture
Interaction p

5

2

0.24

0.55

<0.001

92%

10

2

0.51

0.25

<0.001

123%

15

2

0.83

0.34

<0.001

148%

20

2

0.46

0.25

<0.001

135%

*n = number of dishes for each of moisture‐layer combination (four moistures and two layers)
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Average Respiration
(umolCO2/g remaining C/h)
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Moisture (%)

Figure A5. Time‐weighted average respiration by moisture and layer for 20°C samples at high
moisture. Each diamond and square represents time‐weighted average respiration rate for one
dish at 20°C (two replicate dishes per moisture for each layer).

As moisture was not found to significantly affect soil respiration for any temperature
chamber (see previous section), moisture was pooled for each temperature chamber and
layer combination.
Linear regression analysis was conducted to determine if incubation temperature
had an effect on ln‐respiration. Average pooled respiration for the upper layer increased by
180% from 5°C to 20°C (Figure A6). Average pooled respiration for the lower layer increased
by 129% from 5°C to 20°C. The upper layer had a respiration rate that was on average 2.2
times higher than the respiration rate for the lower layer.
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ln Resp (µmolCO2/g remaining C/h)

3
ln(Resp) = 0.886 + 0.076*T
Adj. R2 = 0.977, p < 0.001

2.5
2

Upper Layer

1.5

Lower Layer
1
ln(Resp) = 0.261 + 0.061*T
Adj. R2 = 0.820, p < 0.001

0.5
0
0

5

10

15

20

25

Temperature (°C)

Figure A6. Average respiration by measured incubation temperature for upper and lower layers.
Each diamond represents the average respiration rate for eight dishes per temperature‐layer
combination (200‐500% moisture).

A3.2

Study 2: Effect of Layer, Temperature and Low Moisture (<230%) on Respiration
Linear regression analysis of the effect of moisture on respiration was performed on

each dish for moistures below 230%. Average slope (change in respiration/change in
moisture) was calculated for each temperature for the upper layer, and for 20°C for the
lower layer. For each layer–temperature combination, a one‐sample t‐test found that the
average slope differed from zero (Table A5).
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Table A5. Summary of slope (change in respiration [µmolCO2/g remaining C/h]/change in moisture
[%]) from linear regression analysis for moistures below 230%.

Layer

Temp (°C)

n* (dishes)

Average Slope

±95% CI

T‐Test Results
(H0: slope=0)
p‐value

Upper

5

7

0.0043

0.001551

< 0.001

Upper

10

7

0.0093

0.003144

< 0.001

Upper

15

6

0.015

0.004077

0.001

Upper

20

6

0.032

0.006469

0.002

Lower

20

5

0.023

0.016508

0.012

*There are a different number of dishes for each layer‐temperature combination because not all dishes had more than three
respiration measurements at moistures at or below 230%. Minimum of three respiration measurements are required for
linear regression analysis.

A3.3 Synthesis of Studies: Effect of Layer, Temperature and Moisture on Respiration at
Low and High Moistures
Is there an interactive effect of temperature and moisture on respiration?
Are the two layers similar or different?
The Q10 for the upper layer increased with moisture at low moistures (<230%) but
did not increase above 230% moisture, indicating that the effect of temperature on
respiration depends on moisture (Table A6). Average Q10 at high moisture was 2.0.
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Table A6. Q10 by layer and moisture
Layer

Moisture

Q10

Range
(min‐max)

Upper

100

1.3

1.13‐1.42

Upper

140

1.6

1.04‐1.42

Upper

180

1.8

1.44‐2.88

Upper

220

1.9

1.52‐2.97

Upper

230

2.1

1.75‐2.61

Upper

300

2.1

1.71‐2.55

Upper

400

2.1

1.71‐2.55

Upper

500

2.2

2.03‐2.47

Lower

200

1.6

0.59‐4.27

Lower

300

1.8

1.61‐1.96

Lower

400

1.8

1.20‐4.25

Lower

500

2.3

1.29‐4.25

Is the response of O‐horizon respiration to temperature and moisture described by a unique
statistical model?
Several equations were fitted to upper layer data from the low moisture drying
study. To properly compare these equations using Akaike Information Criterion (AIC)
analysis, all equations are for ln(Respiration). Equations for respiration in non‐transformed
units are converted to ln(Respiration) (e.g., Resp = a + bT + dTM converted to ln[Resp] = ln[a
+ bT + dTM]). A full review of the equations examined is listed in Table A7.
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Table A7. Summary of linear regression results for upper layer, low moisture data.

Intercept
Equation Type

Temp

Temp x
Moisture Moisture

a (SE)

b (SE)

c (SE)

0.27

0.20

1.05

d (SE)

Temp^2

Moisture
^2

e (SE)

f (SE)

Stats for the
Equation/Estimate

AIC Analysis

p

SE for
estimat
e

Delta
AIC(c)

AIC
Rank

0.814

N/A

N/A

28.2

13

Adj.
R^2

Additive effects
ln(Resp) = ln(a + bT +
cM)
Multiplicative effects
ln(Resp) = ln(dTM)

0.25

0.050

N/A

N/A

13.9

6

ln(Resp) = dTM

0.064

‐0.93

N/A

N/A

62.3

17

0.922

<0.001

0.09

15.8

7

0.910

<0.001

0.09

23.4

11

0.83

N/A

N/A

33.4

14

ln(Resp) = a + bT +
cM

0.33**
(0.10)

0.050**
(0.0043)

0.31**
(0.049)

ln(Resp) = a + bT +
cM + eT^2 + fM^2

0.29 (0.39)

0.037
(0.030)

0.45
(0.47)

0.00051
(0.0012)

ln(Resp) = ln(20.0 * [0.13*e^(0.057T)] * [0.33 + 0.0031M]) (CENTURY‐type equation)
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‐0.043
(0.15)

Table A7. Summary of linear regression results for upper layer, low moisture data. (Continued)

Intercept
Equation Type

a (SE)

Temp

b (SE)

Temp x
Moisture Moisture

Temp^2

Moisture
^2

Stats for the
Equation/Estimate
p

SE for
estimat
e

Delta
AIC(c)

AIC
Rank

0.91

N/A

N/A

13.9

6

0.17

0.92

N/A

N/A

17.8

9

Adj.
R^2

0.13

‐0.60

c (SE)

AIC Analysis

d (SE)

e (SE)

f (SE)

Complex effects
ln(Resp) = ln(a +
dTM)

1.91

ln(Resp) = ln(a + bT +
cM + dTM)

2.75

ln(Resp) = ln(a + cM +
dTM)

2.05

‐0.34

0.15

0.90

N/A

N/A

17.4

8

0.95**
(0.050)

‐0.074
(0.036)

0.031**
(0.0016)

0.97

<0.001

0.054

6.0

4

0.13

0.89

N/A

N/A

19.1

10

0.027**
(0.0060)

0.969

<0.001

0.06

3.5

3

0.026**
(0.0022)

0.971

<0.001

0.05

0

1

ln(Resp) = a + cM +
dTM
ln(Resp) = ln(a + bT +
dTM)

‐0.05

1.58

0.21

ln(Resp) = a + bT +
cM + dTM

0.87**
(0.13)

0.0066
(0.010)

ln(Resp) = a + bT +
dTM

0.83**
(0.035)

0.0095*
(0.0044)

‐0.026
(0.081)

93

Table A7. Summary of linear regression results for upper layer, low moisture data. (Continued)

Intercept
Equation Type

a (SE)

Temp

b (SE)

Temp x
Moisture Moisture

c (SE)

d (SE)

Temp^2

e (SE)

Moisture
^2

f (SE)

Stats for the
Equation/Estimate

AIC Analysis

p

SE for
estimat
e

Delta
AIC(c)

AIC
Rank

0.964

<0.001

0.06

1.8

2

Adj.
R^2

Complex effects (Continued)
0.029**
(0.0015)

ln(Resp) = a + dTM

0.87**
(0.033)

ln(Resp) = ln(a + bT +
cM + eT2 + fM2)

‐0.057

0.017

1.97

ln(Resp) = ln(a + bT +
cM + dTM + eT2+fM2)

3.84

‐0.30

‐0.46

ln(Resp) = a + bT +
cM + dTM + eT2 + fM2

0.84**
(0.28)

‐0.0062
(0.021)

0.11
(0.31)

0.086

‐0.13

0.69

N/A

N/A

45

15

0.20

0.0086

‐0.13

0.92

N/A

N/A

24.1

12

0.027**
(0.0064)

0.00051
(7.4E‐4)

‐0.043
(0.092)

0.965

<0.001

0.06

12.1

5

P< 0.001** P< 0.1*
N/A = not available; converted equations were solved using Excel Solver, therefore, p‐value and standard error for coefficients or the estimate were not available.
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A4.

Net N Mineralization

What is the relation of net N mineralization to temperature and moisture?
A two‐factor ANOVA (four moistures and two layer fixed) for net N mineralization was
conducted for each temperature after 27 days of incubation. Neither layer–moisture
interaction nor moisture had a significant effect on the ammonium concentration at any
temperature (Table A8). The lack of moisture effect at each temperature indicates there is no
interactive effect of temperature and moisture on ammonium concentration at high moistures.
The upper layer had a significantly greater negative net N mineralization rate than the lower
layer at all temperatures. Since negative N mineralization rate denotes net N immobilization,
this means that the upper layer had a higher rate of net N immobilization than the lower layer.
As moisture was not found to significantly affect net N mineralization at any
temperature, moisture was pooled for each temperature and layer combination. Regression
analysis did not find a significant temperature effect on net N mineralization for either layer
(Table A8).
Table A8. Post‐incubation results for net N mineralization. Two‐factor ANOVA (fixed factors = layer,
moisture) and regression (temperature vs. net N mineralization) results at high moisture. Note that
negative mineralization is immobilization
ANOVA Results

Temp (°C)

n (dishes per
moisture‐
layer
combination)

Layer‐
Moisture
Interaction p

Moisture p

Layer p

Amount Upper Layer
Net N Immobilization
is Greater Relative to
Lower Layer (%)

5

2

0.261

0.473

0.003

61

10

2

0.176

0.148

0.002

75

95

15

2

0.241

0.280

<0.001

62

20

2

0.144

0.191

<0.001
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Table A8. Post incubation results for net N mineralization. Two‐factor ANOVA (fixed factors = layer,
moisture) and regression (temperature vs. net N mineralization) results at high moisture. Note that
negative mineralization is immobilization. Continued
Regression Results

Layer

A5.

Average Net N
n (average for Mineralization
(µg NH3‐N/g
each of 4
dry soil)
temperatures)

95% CI

P

Adj. R2

Upper

4

‐7.04

2.6

0.255

0.332

Lower

4

‐2.5

1.4

0.426

‐0.005

Summary of Temperature and Moisture Effects from Other Studies
A review of the literature revealed that various equation types for temperature and

moisture effects have been found by studies examining the respiration response to these
variables in laboratory incubations of organic soils, laboratory incubations of mineral soils, and
field studies (Table A9).
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Table A9. Summary of temperature and moisture effects on respiration and equation type for other
studies.
Type of Temperature and
Moisture Effects

Equation type

Reference

No significant moisture effect

N/A

Howard and Howard 1979,
Mathes and Schriefer 1985,
Edwards 1975, Waldrop and
Firestone 2004, Fang and
Moncrieff 2001

Temperature (+), Moisture (+)
relationship with Respiration

No equation provided

Guntinas et al. 2013

Temperature (+), Moisture (‐)
relationship with Respiration

No equation provided

Shaver et al. 2006

Temperature‐Moisture
interaction confirmed

No equation provided

Klimek and Niklinska 2010

Additive effect

Resp = T + M

Chang et al. 2012, Van
Meeteren et al. 2007

Complex effect

Resp = T + M + TM

Leiros et al. 1999, Raich and
Schlesinger 1992

Complex effect

ln(Resp) = T2 + T + M2 + M +TM

Bowden et al. 1998

Multiplicative effect

Resp = (eT)*(eM)

Davidson et al. 1998

Multiplicative effect

Resp = (e1/T)*(AM)

DeForest et al. 2009

Multiplicative effect

Resp=(exp (A + B*(1 – C*T/B))) /
(1 + D*exp(E*M))

O’Connell 1990

Multiplicative effect

ln(Resp) = T2 + T + M2 + M

Rey et al. 2005, Howard and
Howard 1993

Temperature and Moisture
effects analyzed separately

Resp = T2 + T ; Resp = M

Azzalini and Diggle 1994

Temperature and Moisture
effects analyzed separately

ln(Resp) = T ; ln(Resp) = M2 + M

Howard and Howard 1993

Note: A, B, C, D, and E are constants; T = Temperature; M = Moisture; Resp = soil respiration
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