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Abstract: Heterotrophic respiration (RH ) is a major flux of CO2 from forest ecosystems and represents
a large source of uncertainty in estimating net ecosystem productivity (NEP) using regional soil
respiration (RS ) models. RH from leaf litter (RHL ) may contribute greatly to annual RH estimates,
but its contribution may be misrepresented due to the logistical and technical challenges associated
with chamber-based field measurements of RHL . The purpose of this study was to evaluate
the sensitivity of sources of RH (mineral soil-derived heterotrophic respiration [RHM ] and leaf
litter-derived heterotrophic respiration [RHL ]) of a loblolly pine plantation (Pinus taeda L.) to varying
soil and litter water content over the course of a dry down event. Additionally, we investigated
whether fertilization influenced RHL and RHM to understand how forest nutrient management may
impact forest soil carbon (C) dynamics. RHL was measured under dry conditions and at field capacity
to evaluate water content controls on RHL , determine the duration of increased CO2 release following
wetting, and evaluate the potential contribution to total RH . We also measured RHM inside collars
that excluded plant roots and litter inputs, from field capacity until near-zero RHM rates were attained.
We found that RHL was more sensitive to water content than RHM , and increased linearly with
increasing litter water content (R2 = 0.89). The contribution of RHL to RH was greatest immediately
following the wetting event, and decreased rapidly to near-zero rates between 3 and 10 days. RHM also
had a strong relationship with soil water content (R2 = 0.62), but took between 200 and 233 days
to attain near-zero RHM rates. Fertilization had no effect on RHM (p = 0.657), but significantly
suppressed RHL rates after the wetting event (p < 0.009). These results demonstrate that there is great
temporal variability in both CO2 released and the water content of differing sources of RH , and forest
fertilization may largely impact forest floor C stocks. This variability may not be captured reliably
using conventional weekly to monthly chamber-based field sampling efforts and could lead to over- or
underestimation of RH . In the context of climate change, changes in the frequency and intensity of
wetting and drying events will likely alter RHL and its contribution to RS . Separate consideration
of RH sources and controls, along with increased field sampling frequency using chamber-based
methodology under a broader range of specific environmental conditions, are likely needed to reduce
variability in RH estimates and improve the accuracy of forest NEP predictions.
Keywords: carbon cycle; fertilization; soil CO2 efflux; leaf litter; loblolly pine plantations

1. Introduction
Current climate models predict a change in annual precipitation regimes for the southeastern
United States, and it is important to understand how these changes will affect the carbon (C) balance of
forest ecosystems in this region [1,2]. Southeastern forests currently have among the highest potential
for C storage, as they represent nearly 60% of the regional land area, are aggrading biomass with
age and with intensive management practices [3,4], and have high rates of net primary productivity
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(NPP) [1,2,5]. Altered regional precipitation and evapotranspiration, or hydroclimate, is posited to have
the largest consequences for productivity and C sequestration potential. Water balance of a site can
attenuate or exacerbate effects on NPP as a result of elevated atmospheric CO2 , warming temperatures,
and consequently longer growing seasons [2,6]. While increases in annual temperature of 1–4 ◦ C [1,7],
along with increases in annual precipitation of up to 6 percent, are generally predicted for this region [2,7,8],
intensification of annual precipitation regimes is expected, meaning exacerbated wet and dry periods,
increases in the frequency of summer droughts, and larger rainfall events between drought periods [9–11].
Drier summers can counter early season growth in the southeast by increasing evapotranspiration and
decreasing soil moisture, which is a limiting factor controlling NPP, the decomposition of organic matter
pools, and thus C and nutrient cycling [10]. The interaction of increasing growing season temperatures
and decreasing growing season precipitation may potentially decrease the C sequestration capacity of
southern pine forests by 10% [12], and increase the variability of ecosystem C flows.
To understand how changes in moisture dynamics may influence the net C balance or net
ecosystem production (NEP) of southeastern forests, the separation of total soil respiration (RS )
into components of heterotrophic, microbial respiration (RH ; i.e., decomposition) and autotrophic,
root respiration (RA ) is necessary [13,14]. NEP is estimated from the balance between net primary
production (NPP) and RH [15]. Recently, considerable effort has been devoted to quantifying
fluxes of CO2 from southeastern pine forests to develop regional respiration models [16], and to
improve predictions of NEP by quantifying the RH contribution to RS [17–20]. These efforts have
yielded highly variable predicted contributions of RH to RS in these ecosystems, ranging from of
55–84 percent [19–21]. This variability may be attributed, in part, to the fact that sources of RS have
different sensitivities to controlling factors such as water content, soil temperature, and substrate
availability and composition [22,23]. Heterotrophic sources in particular have been shown to be
more sensitive to water content than RA [24,25]. Within heterotrophic sources, RHL is more dynamic
than RHM , as surface litter layers are more susceptible to extremes and rapid changes in temperature
and water content than subsurface mineral layers, and have a greater dependency on moisture than
temperature [25,26]. Additionally, RHL and RHM rates differ temporally due to differences in substrate
type and availability, and microbial community abundance and composition [27–29].
RHL may be a large source of uncertainty when estimating RS and NEP due to the transient nature
of this C pool and its properties. RHL may contribute from 11–51% of RS [26,30–33], suggesting that
the forest floor could be a primary source of C loss from forest ecosystems. However, the contribution
of RHL to RS is largely dependent upon litter water content and the frequency and amount of
precipitation [26,32]. Our understanding of the controls over RHL is limited by the lack of direct
RHL measurements and the inability to non-destructively and continuously measure leaf litter water
content. Attempted seasonal in situ spot measurements of RHL using chamber-based methods have
yielded near-zero rates in loblolly pine forests of Virginia. These near-zero rates may be a result
of the dynamic nature of litter moisture content and the rapid and transient CO2 pulse following
surface wetting events (i.e., Birch effect) [24,34,35], which may be missed with non-continuous spot
measurements. The difference in temporal resolution of moisture control over litter compared to
mineral soil is important to rectify to improve estimates of RH .
To understand how RHL and RHM respond independently to water content, we measured these
variables on samples collected from a mid-rotation loblolly pine forest over the course of a dry
down event. Additionally, we compared RHL and RHM from samples collected from fertilized and
unfertilized plots, as forest fertilization is a common management practice in southeastern pine
forests [36], with the potential to affect C turnover and respiration rates with separate studies showing
everything from increases to decreases, to even no effect [37]. This ambiguity has been attributed,
in part, to the divergent and potentially counteracting response of sources of RA and RH to mineral
nutrient additions, with RA often increasing with fertilization due to increased biomass [38,39] and RH
decreasing due to the decline in microbial activity [40]. RHL was measured first under dry conditions
and then at field capacity to evaluate the temporal patterns occurring as a result of a wetting event.
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We hypothesized that RHL would be more sensitive to water content than RHM , in part, due to greater
availability of labile C and greater microbial biomass in litter relative to mineral soil [41,42], and that
fertilization would result in suppressed rates of respiration in both the mineral soil and leaf litter.
Partitioning RH into RHM and RHL can enhance our understanding of controls over these components,
and identify sources of variability in ecosystem RS and NEP estimates.
2. Materials and Methods
2.1. Site Description
This research is a component of the Pine Integrated Network: Education, Mitigation,
and Adaptation project (PINEMAP; http://pinemap.org/). This regional study was designed to
evaluate the effects of decreased rainfall and nutrient additions on loblolly pine plantation productivity
and physiology [43]. Four locations were established to span the full temperature and precipitation
range of the species. Leaf litter samples and soil cores used in this incubation study were collected from
a 12-year-old loblolly pine (Pinus taeda L.) plantation located in the Appomattox-Buckingham State
Forest, Virginia, USA (37◦ 270 3700 N, 78◦ 390 5000 W), an existing 1.3-ha, long-term throughfall reduction x
fertilization study installed during spring 2012. Additional information on study installation and site
characteristics can be found in Will et al. [43].
Mean annual precipitation for this region is 109 cm. The average growing season temperature
(April through September) is 22.9 ◦ C, and the average winter temperature (December through February)
is 3.8 ◦ C [44]. Soils are well drained, formed in residuum from metamorphic rocks (sericite schist,
graphitic schist, and/or phyllite). Soils are mapped as Spears Mountain (fine, mixed, semiactive, mesic
Typic Hapludult) and Littlejoe (fine, mixed, subactive, mesic, Typic Hapludult) series [45].
2.2. Soil and Litter Sampling
The field study was designed as a randomized complete block with four replications of
a 2 × 2 factorial of throughfall reduction (0 and 30% reduction) and fertilization with either no addition,
or a complete suite of essential nutrients to represent optimum nutrition, randomly assigned to each
block. However, for this incubation study, litter and soil samples were collected from the four control
and fertilization treatment plots only. The fertilization treatment was broadcast applied once in spring
2012. Nitrogen (N) was applied at a rate of 224 kg N ha−1 as urea, and phosphorus (P) was applied
at a rate of 27 kg P ha−1 as diammonium phosphate. Elemental potassium (K) was applied at a rate
of 56 kg K ha−1 as potash, and a granular oxysulfate micronutrient mix (Southeast Mix, Cameron
Chemicals, Inc., Virginia Beach, VA, USA) consisting of 6% sulfur (S), 5% boron (B), 2% copper (Cu),
6% manganese (Mn), and 5% zinc (Zn) was applied at a rate of 22.4 kg ha−1 . Treatment plots measured
14.6 × 16.8 m, surrounded by a 6.1-m buffer on all sides.
To facilitate independent measures of RHM , root exclusion cores constructed from steel conduit
pipe (11.43 cm diameter × 35 cm length) were installed in the summer of 2013 in three locations within
each treatment plot to sever roots for a preceding study [17]. Cores were driven vertically into the soil
until the top was flush with the mineral soil surface. Prior to core installation, the O horizon (forest floor)
was temporarily removed from the installation location to avoid driving organic matter into the soil
profile or inside the core, and replaced after installation. Carbohydrate supply to roots is assumed to
be depleted 90 days post-installation, and root-derived, autotrophic respiration (RA ) inside the pipe
is assumed to be zero, thereby providing an independent measure of RHM [46]. This laboratory
study utilized the existing intact root-severing field cores to isolate RHM from RA in a controlled
environment. Cores were extracted from the field locations on four separate occasions from June
through July 2015, loosely wrapped with plastic to prevent soil and moisture loss, and transported
to a temperature-controlled lab within four hours of collection. Mean air temperature and relative
humidity (RH) were measured daily throughout the duration of the experiment using an Amprobe
THWD-5 RH and temperature meter (Danaher Corporation USA, Everett, Washington, DC, USA).
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Mean lab air temperature was 22.5 ± 0.07 and mean RH was 48.7 ± 0.04. On each of the four
field sampling occasions, three replicate cores were collected from one control and one fertilization
treatment plot located within one block, with the exception of block two, where only two replicates
were collected due to the inability to locate one previously installed root-severing core. This sampling
resulted in a total of 11 replicate cores from each treatment. Cores remained root-free while in the
field, as no visible root ingrowth from the bottom up occurred, and any vegetation growth inside
the pipe was clipped in advance of extraction. Once in the lab, cores were placed upright with their
bottoms in 10 cm of oven-dried (105 ◦ C) sterilized sand to maintain their upright position and minimize
the likelihood of ambient air entering through the bottom of the core during subsequent respiration
measurements. Cores were allowed to equilibrate for 48 h prior to initiating respiration measurements.
Leaf litter from the Oi horizon was collected concurrently with the root-exclusion core
extractions, for a total of 11 replicate samples from each treatment. The Oi horizon at this site
was approximately 0.04 m thick. Litter was collected adjacent to each of the three root-severing cores
from a 10 cm × 10 cm area, homogenized, and composited into one sample from each of the eight
(2 fertilized treatments × 4 blocks) treatment plots. Litter samples were placed into paper bags and
transported to the lab, then removed from bags and placed on trays to air-dry for 48 h before initiating
the wetting event and respiration measurements.
2.3. RHM and RHL Laboratory Measurements
Eleven replicate microcosms for each treatment, three each from blocks one, two, and four,
and two from block three, were constructed using the extracted root-severing cores and PVC collars
placed atop the cores to contain corresponding litter samples. Air-dry litter from each treatment plot
was homogenized and 20 g was added to a 10-cm diameter × 10-cm height PVC collar to simulate
the quantity and depth of the Oi horizon from the field site. One layer of 2-mm mesh size gray
fiberglass screen was applied to the bottom of each collar to prevent litter loss and allow for water
drainage. Microcosms (litter collar + soil core) remained intact during the duration of the incubation,
except when independent respiration measurements were being made. The initial weight of the litter
collars and soil cores were measured before the start of the dry down, and immediately after each
respiration measurement during the course of the experiment for later determination of gravimetric
water content (GWC) at the time of each measurement. Soil and litter water content was expressed
by weight as the ratio of the mass of water present to the dry weight of the samples. The water mass
was determined by drying the soil core or litter microcosm after the incubation was completed to
a constant weight and measuring the sample before and after drying. Soil cores were dried to a constant
weight in a drying oven at 105 ◦ C and litter was dried to a constant weight at 65 ◦ C. Respiration
measurements were made using a LI-8100A automated soil gas flux system and LI-8100-102 10-cm
Survey Chamber (LI-COR Bioscience Inc., Lincoln, NE, USA). Measurements were logged for 90 s
following CO2 equilibration within the chamber. Laboratory air temperature and relative humidity
were controlled for the duration of the incubation; air temperature remained between 21 and 23 ◦ C,
and relative humidity remained between 46 and 49 percent.
One wetting event was initiated for RHL measurements over the course of the dry down to bring
litter to field capacity. Prior to wetting, mass of the sample and an initial respiration measurement were
taken to confirm the respiration rates were zero or near-zero (i.e., rates less than 0.20 µmol m−2 s−1 )
prior to the wetting event. Litter was brought to field capacity by layering the bottom of a 6 L capacity
polypropylene container with 50 mL of deionized (DI) water (2 cm depth), then placing the collars in
the container and irrigating the tops of the collars with 200 mL of DI water to fully saturate the litter.
The container was sealed to bring the container relative humidity to 100%, as measured using the
Amprobe THWD-5 RH meter, and litter was allowed to equilibrate for 5 min. The collars were then
removed from the container and allowed to drain and the weight was allowed to stabilize. Once excess
water was removed, the starting weights were recorded and sequential respirations measurements
were initiated. The bottom of the collar was sealed during active respiration measurements using closed
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cell rubber pipe insulation. Two samples, one from each treatment, were irrigated at a single time,
and respiration measurements and sample weights were recorded systematically for 12 h each day until
the respiration rate reached 0, or reached a 95% rate reduction from the initial peak rate. The duration
of the incubation varied by sample and ranged from 3 to 10 days to achieve near-zero rates.
Soil cores did not receive a wetting event, as they were near field capacity (between 32 and 45 percent
volumetric water content) [47,48] at the start of the dry down. Volumetric water content was estimated
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3. Results

All statistical analyses were performed using JMP® 11 software system (SAS Institute, Cary,
NC, USA).
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Figure 2. Change in (A) litter heterotrophic respiration (RHL) and litter water content (B) following the
initial wetting event over the duration of the dry down (days) in unfertilized (closed symbols) and
fertilized samples (open symbols). The line represents the fit of the exponential decay function. Data
represent actual values for each replicated treatment.
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The regression of RHL on GWC differs between fertilized and unfertilized plots (Figure 3)
as the slopes of the regression equations differed significantly (p < 0.0001; e.g., 0.619 for unfertilized
and 0.517 for fertilized RHL ), and the mean response for fertilization differs at zero (p < 0.0001;
e.g., intercepts of −0.375 for unfertilized and −0.259 for fertilized RHL ). The mean RHL differs by
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defined as k, is commonly used in decomposition experiments as the decomposition constant [50].
The mean k values for RHL and RHM were significantly different from each other (p < 0.0001), with a RHL
k mean of 0.78 ± 0.04 and a RHM k mean of 0.01 ± 0.003 (Figures 1A and 2A). The k values did not
vary with fertilization treatment in either RHL (p = 0.649) or RHM (p = 0.262). Similarly, litter and
mineral soil mean GWC k values were significantly different from each other (p < 0.0001), with a litter
GWC k of 1.011 and a mineral soil GWC k of 0.009 (Figure 1A,B), but did not differ by fertilization
treatment in litter (p = 0.622) or mineral soil (p = 0.379). The change in RHL and litter GWC over time
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was more rapid than in mineral soil, resulting in higher k values; near-zero RHL rates were reached
between 3 and 10 days, while the dry down of mineral soil to near-zero RHM rates under the same
conditions required between 200 and 233 days.
4. Discussion
This study demonstrates that water content is a controlling factor for both RHL and RHM , but more
strongly influences the magnitude of RHL . Prior to the addition of water, dry leaf litter from fertilized
and unfertilized litter samples had RHL rates of zero or near zero. RHL immediately increased following
the wetting event, bringing the litter layer to field capacity, to an average rate of 2.65 µmol m−2 s−1
in unfertilized samples and 1.89 µmol m−2 s−1 in fertilized samples, and decreased to pre-wetting levels
between 3 and 10 days following the decline in litter water content (Figure 2). Based on our results,
RHL increases linearly with litter water content (Figure 3). The rapid decline in RHL as litter water
content decreased can be attributed to the osmotic stress experienced by microorganisms within a short
time period as litter becomes dry [51]. These results are consistent with previous findings that show that
dry litter contributed proportionally little to RS , but following wetting, can contribute 11 to 51 percent of
RS , demonstrating the regulatory role of water content on RHL [30,32,42]. While the contribution of RHL
to RS was not investigated in this study, we can approximate the RHL contribution to RH (RHL + RHM )
when both sample types were at field capacity. Immediately following litter wet-up, RHL contributed
between 38 and 69 percent to total RH . Peak RHM values ranged from 1.63 to 4.80 µmol m−2 s−1 .
Unlike RHL , peak RHM values did not always occur at the highest water content, and in some cases,
occurred in days following the start of the dry down. This may be due to the displacement of
CO2 from soil pores and aggregates as the soil begins to dry. While the contribution of RHL to
RH declined markedly within a day and over the course of the dry down, it does suggest that
RHL is an important and dynamic source of C loss from forest soils after wetting events, and the
contribution may be important to understanding spatial and temporal variability of RS and RH
estimates in forest ecosystems.
The increase in respiration rates following a wetting event, as observed in RHL , has been attributed
to a rapid increase in microbial activity and availability of previously unavailable substrates with
increased water availability [52–54]. These substrates can be made available by the release of osmolytes
from microorganisms that accumulated during the dry period as a result of microbial stress prior to
a wetting event, from release of some of the cytoplasmic solutes accumulated during the dry period into
the soil solution from lysed cells upon wetting [41,55–57], and from a change in the kinetics of enzyme
transport and microbial uptake with increased water availability [51]. The duration and magnitude
of elevated respiration rates is strongly related to water content [31,53], microbial physiology, and
community structure as influenced by the physical and chemical characteristics of the environment [51],
and therefore likely differs between organic and mineral soil horizons [58]. In mineral soil, the
structural alterations in soil aggregates upon wetting may also cause the release of previously physically
protected organic matter [24,59].
While the mineral soil in our study did not receive a wetting event, as it was initially within the
range of VWC values determined to be field capacity for the soil textural class (i.e., 32–45%) [47,48],
we did observe marked differences in sensitivity to water content, and in the duration of the dry down.
RHM was more stable over the course of the dry down and less sensitive to decreasing soil water content
than RHL , which supports our initial hypothesis. Soil water content explained less of the variation
in RHM than litter water content in RHL (R2 0.62 and 0.89, respectively), and as expected, took far longer
(>200 days) to dry down to water contents that induced microbial stress, yielding significantly lower
mean k values than RHL . However, the duration of this dry down was influenced by the controlled
lab environment, and there were no roots present, no transpiration, and no lateral drainage in the
mineral soil microcosms. Previous studies have also found respiration from organic horizons to be
more sensitive to rainfall and moisture than mineral soil respiration in temperate forests [26,30,42,60].
The reason may be that compared with the mineral soil, litter physical and chemical properties differ,
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and the water conditions of litter layers are more dynamic [26]. Litter and mineral soil heterotrophic
community composition and biomass also differ, which may result in varying physiological responses
to wetting and drying events [41,61], and C utilization strategies [62]. Additionally, the C supply
in the soil may remain active at lower water potentials, and microbes can persist in microsites where
conditions are more suitable [63,64]. These results demonstrate the need for separate measurements of
RH sources and environmental controls (water content, temperature, etc.), as mineral soil is protected
from extreme changes in environment by the litter layer [29], and there is large spatial and temporal
variability of water content and respiration rates.
We expected fertilization to suppress RHL and RHM , as previous studies have reported reduced RH
with mineral nutrient additions [39,40,65]. These reductions may be associated with a direct influence
on the soil microbial community, such as decreases in fungal biomass following fertilization [66–68].
Fertilization lessened the magnitude of the pulse of CO2 released after wetting and resulted in
suppressed RHL compared to unfertilized samples. Additionally, the slopes and intercepts of the linear
relationship between RHL and litter water content were significantly different (Figure 3). There was no
effect of fertilization on RHM or the duration of increased CO2 release following wetting for RHM and
RHL , as the exponential curve function values were not significantly different. Previous studies have
reported declines in RH with fertilization in temperate ecosystems [39,40,69–71], but increases have
also been reported in soils with inherently low nutrient status [72]. Declines have been attributed to
direct effects on the microbial community associated with osmotic changes and reduced metabolic
activity per unit biomass [40]. The variable response to fertilization observed in the litter and mineral
soil in this study may be a result of multiple factors as reported in previous studies, such as differences
in substrate quality [73,74], nutrient availability, microbial community composition, and microbial
biomass [75–77]. However, in a previous study conducted at this same study location, the fertilized
treatment resulted in improved litter quality (lower C:N ratios), increased potential extracellular
enzyme activities, and increased microbial biomass, which does not directly support the suppressed
RHL rates reported in this study. Based on the results in this study, reduced RHL with fertilization could
lead to the accumulation of litter and higher soil C concentrations as a result of reduced microbial
C turnover [78,79].
Improved temporal resolution in relationships between litter water content and RHL
measurements are needed to improve estimates of RH in soil respiration models. Field measurements
of soil respiration may fail to adequately capture the annual RH contribution to RS due to
dynamic moisture conditions, logistical constraints associated with sampling under wet conditions,
and the shortage of direct measurements of RHL and litter water content [32]. To remedy this deficiency
in current ecosystem C accounting efforts, measurements of heterotrophic respiration components
should occur at greater frequencies, and at times that capture a range of moisture conditions and
time following precipitation events. Respiration from litter has been demonstrated to have a greater
dependency on moisture than temperature, but RHL contributions depend on the frequency and
amount of precipitation [26,58]. The southeastern region is predicted to experience greater frequency
of summer droughts, and more intense precipitation events between drought periods [9–11]. Drier soils
have been shown to have a greater magnitude of C loss following wetting events [64,80], as the pulse
of CO2 is dependent upon pre-wetting water content. These findings suggest that more severe
drought may increase the magnitude of CO2 losses [57,81]. When under wet conditions, however,
CO2 losses could be depressed by subsequent rainfall by bringing soils to oxygen-limited levels that
inhibit respiration [82,83]. Additionally, the intensity of rainfall events could alter microbial biomass
and activity with long-term effects on RH , as rapid changes in water content could contribute to
greater incidence of cell lysis [64]. Given the range of predicted changes in regional hydroclimate and
the varying sensitivities of RH sources to water content, a better understanding of the mechanisms that
influence the control of water content on RH is needed to understand how changes in precipitation
regimes will influence the C balance of these ecosystems.
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5. Conclusions
The results of this study suggest that routine chamber-based measurements of forest soil
respiration components performed in the field on a weekly to monthly sampling regime may not
adequately capture the contribution of RHL to RH , and may contribute largely to the variability in soil
respiration models used to estimate NEP, particularly under future precipitation scenarios. Established
regional respiration models exhibit large amounts of variability (~40%) that cannot be explained by soil
temperature, moisture, and other site parameters [16]. Sampling during periods when litter is either
wet or dry, and failure to parameterize models with litter water content in addition to soil moisture,
may influence this variability. We found that RH sensitivity to water content and fertilization varies
among heterotrophic sources (RHL vs. RHM ), resulting in great vertical and temporal heterogeneity
among RH fluxes. RHL rapidly increased with increases in litter water content, but this response
was short-lived and may be missed during field sampling efforts without direct and more frequent
measures of RHL and litter water content. Further, failure to directly measure RHL and litter water
content could mask management effects on RH , as fertilization led to suppressed RHL but not RHM .
These results indicate that greater sampling frequency under varying moisture and environmental
conditions is needed to improve our estimates of RH in ecosystem C accounting models.
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