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Increased coniferous needle inputs accelerate decomposition of soil
carbon in an old-growth forest
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A B S T R A C T

Changes in temperature, precipitation, and atmospheric carbon dioxide (CO2) concentration that are

expected in the coming decades will have profound impacts on terrestrial ecosystem net primary

production (NPP). Nearly all models linking forest NPP with soil carbon (C) predict that increased NPP

will result in either unchanged or increased soil C storage, and that decreased NPP will result in

decreased soil C storage. However, linkages between forest productivity and soil C storage may not be so

simple and direct. In an old-growth coniferous forest located in the H.J. Andrews Experimental Forest,

OR, USA, we experimentally doubled needle litter inputs, and found that actual soil respiration rates

exceeded those expected due to the C added by the extra needles. Here, we estimated that this ‘priming

effect’ accounted for 11.5–21.6% of annual CO2 efflux from litter-amended plots, or an additional 137–

256 g C m�2 yr�1 loss of stored C to the atmosphere. Soil priming was seasonal, with greatest amounts

occurring in June–August coincident with peaks in temperature and dry summer conditions. As a result

of priming, mineral soil was more resistant to further mineralization during laboratory incubations. Soil

lignin-derived phenols in the Double Litter plots were more oxidized than in the control, suggesting that

the soil residue was more degraded. Our hypothesis that excess dissolved organic C produced from the

added litter provided the link between the forest floor and mineral soil and a substrate for soil priming

was not supported. Instead, the rhizosphere, and associated mycorrhizal fungi, likely responded directly

to the added aboveground litter inputs. Our results revealed that enhanced NPP may lead to accelerated

processing of some stored soil C, but that the effects of increased NPP on ecosystem C storage will be

based on a net balance among all ecosystem C pools and are likely to be ecosystem-dependant. Forest C

models need to include these complex linkages between forest productivity and soil C storage.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Changes in ecosystem net primary productivity (NPP) and thus
litterfall are predicted under climate change scenarios (Melillo
et al., 1993; King et al., 1997; Raich et al., 2006). As a result,
alterations of microbial (i.e. bacterial or fungal) biomass and
activity also can be expected (Frey et al., 2004; Waldrop et al.,
2004). Enhanced microbial respiration in response to additional
plant litter inputs can release a portion of the newly added C as
well as increase the rate of release of stored soil organic matter.
This pattern, termed the ‘‘priming effect’’ was described as early as
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1926 (Löhnis, 1926) and is the ‘non-additive interactions between
decomposition of the added substrate and of soil organic matter
(SOM)’ such that positive priming results in the acceleration of
SOM decomposition and negative priming results in the retarda-
tion of SOM decomposition (Kuzyakov et al., 2000). Soil priming
recently has received increased attention (see reviews by
Kuzyakov et al. (2000) and Fontaine et al. (2003)) as the impacts
of global change on terrestrial C dynamics are explored more
thoroughly.

Microorganisms play a central role in determining if soil C pools
increase or decrease and changes in microbial biomass or activity
that resulted from alterations in inputs were frequently associated
with soil priming (Kuzyakov et al., 2000). One hypothesis for the
mechanism underlying the positive priming effect is that fast-
growing microbes specializing in utilization of fresh inputs
respond rapidly and produce extracellular enzymes that metabo-

mailto:s.crow@qub.ac.uk
http://www.sciencedirect.com/science/journal/03781127
http://dx.doi.org/10.1016/j.foreco.2009.01.014


Table 1
Treatments and methods of the Detritus Input Removal and Transfer (DIRT)

Experiment.

Treatment Method

Control Normal litter inputs are allowed.

No Litter Aboveground inputs are excluded from plots with netting.

Double Litter Aboveground leaf/needle inputs are doubled by adding litter

removed from No Litter plots.

Double Wood Aboveground wood inputs are doubled by adding large

shredded wood pieces, both fresh and highly decayed,

based on measured input rates of woody debris fall.

No Roots Roots are excluded with impermeable plastic barriers

extending from the soil surface to the top of the C horizon.

No Inputs Aboveground inputs are prevented as in No Litter plots;

belowground inputs are prevented as in No Roots plots.
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lize not only fresh material, but also existing SOM (Fontaine et al.,
2004a). Priming effects often have been attributed to enhanced
microbial biomass and exoenzyme production in response to
water-soluble sugar components of added litter (Schimel and
Weintraub, 2003; Rasmussen et al., 2007, 2008). Alternatively,
Fontaine et al. (2003) proposed a conceptual model for soil priming
whereby the addition of fresh inputs establishes a competition
between fast-growing species specialized in metabolizing fresh
material and slow-growing species specialized in metabolizing
SOM (but that also can utilize fresh material). When SOM-
specialized microbes out-compete fresh litter-specialized
microbes, e.g. under nutrient limiting conditions (Fontaine et al.,
2004b), soil priming occurs.

In an old-growth coniferous forest at the H.J. Andrews
Experimental Forest in the Pacific Northwest region of the U.S.,
Sulzman et al. (2005) reported that the annual CO2 flux associated
with the experimental doubling of aboveground litter increased by
an additional 186 g C m�2 yr�1, or a 34% increase, beyond what
was expected based on rates of decay for the added litter. This
elevated CO2 flux suggested that positive soil priming occurred as a
result of the added aboveground litter. In this region of the U.S., dry
summer months are followed by a long wet season. Re-wetting of
the forest floor and soil profile typically occurs in late October–
November and results in a flush of dissolved organic carbon (DOC)
in soil solution (Lajtha et al., 2005). Approximately one-third of
water soluble leachates from fresh coniferous litter from this site
were easily degradable carbohydrates (e.g., polysaccharides, and
simple sugars) (Yano et al., 2004). In a seasonal experiment, Brant
et al. (2006a) observed a shift in soil microbial community
associated with the litter addition only in November.

Based on these collective observations at H.J. Andrews, we
hypothesized that if fast-growing microbes specializing in the
utilization of fresh inputs responded rapidly to added litter and
resulted in overall positive soil priming, then the observed priming
effect would be greatest in the fall when a flush of DOC from the
forest floor provided an easily-accessible substrate for soil
microbes and was associated with the shift in microbial commu-
nity observed when extra litter was added to the forest floor. By
this conceptual model, we expected DOC transport to provide the
link between forest floor litter and mineral soil priming. To refine
the relationships among increased CO2 efflux, altered microbial
communities, and DOC transport, we synthesized previously
collected data in a novel analysis to investigate the potential
impact of increased aboveground NPP on old-growth coniferous
forest soil dynamics.

2. Methods

2.1. Field site

Plant litter inputs were manipulated as part of the on-going
Detritus Input Removal and Transfer (DIRT) Experiment in the H.J.
Andrews Experimental Forest in OR, USA (448130N, 1228130W,
531 m elevation) since 1997. The H.J. Andrews DIRT site was
established in an undisturbed old-growth (>500 yr) western
hemlock [Tsuga heterophylla (Rafinesque) Sargent] and Douglas-
fir [Pseudotsuga menziesii (Mirb.) Franco] stand. Other significant
tree species at the site include vine maple (Acer circinatum Pursh.)
and western red cedar (Thuja plicata D. Don). Mean annual
temperature is 8.7 8C and annual precipitation is
2370 mm yr�1(average from 1973 to 2002), which occurs mostly
as rain. Over 70% of the precipitation occurs during a wet season
between November and March (Sollins et al., 1980). Nitrogen
deposition to this area is �0.2 g N m�2 yr�1 (Vanderbilt et al.,
2003). Soils are derived from volcanic parent materials and
classified as coarse loamy mixed mesic Typic Hapludands. The soil
C/N ratio is 35, 19, and 16 for the 0–5, 5–10, and 10–20 cm
increments of the mineral soil (Keirstead, 2004). In the A horizon,
the bulk density is 0.82 Mg/ha), the texture is loamy with 13% clay,
and the pH is 5.4 (Dixon, 2003). Mean annual soil temperature for
2001–2003 was 9.5 8C at 5 cm and mean annual soil moisture for
2001–2003 was 29% (Sulzman et al., 2005).

The DIRT Experiment treatments include the addition or
removal of above- and belowground litter inputs with the goal
of understanding long-term controls on soil organic matter
formation and stability (Nadelhoffer et al., 2004). Six litter
input/exclusion treatments, replicated three times, were randomly
assigned to the plots. Plots are approximately 10 m � 15 m and
include trees; there is a small range in plot sizes due to available
space and obstacles. Litter manipulation treatments include
combinations of aboveground litter addition, screens placed atop
the soil surface to collect aboveground litter, and use of trenches
and root barriers to remove roots (Table 1).

In this study, we utilized data from the Control, Double Litter,
No Litter, and No Roots treatments, but focus on the Control and
Double Litter treatments. To obtain a doubled needle and fine litter
inputs for the Double Litter treatment, we used litter obtained from
the No Litter plots; litter was excluded with 1-mm-mesh screens,
and was transferred to Double Litter plots 2–5 times per year. Large
branches and stems or lichen/moss masses that fell on screens
were discarded. Over the first six years, 490 g C m�2 of additional
litter has been added to the double needle plots; in 2005, the O-
horizon depth was 1.9 cm on the Double Litter plots compared to
1.5 cm on the Control plots (Lajtha et al., 2005). In 2003, litter
transfers were made on April 25 and July 17, but flux measure-
ments for those months were taken before the litter addition
occurred.

Daily precipitation totals and mean air temperature for 2003
were taken from the H.J. Andrews primary meteorological station
(PRIMET) which is located at the nearby Experimental Forest
headquarters (448210N, 1228260W, 430 m elevation). Soil moisture
was measured at the DIRT site at 10 cm in the A horizon at 30-min
intervals (Onset Tidbit Temperature Data Logger, Onset Computer
Corporation, Bourne, MA).

2.2. Field CO2 flux and priming estimation

Soil CO2 efflux was measured at least monthly in 2003 with a
portable infrared gas analyzer (Li-6250, LI-COR Inc., Lincoln, NE)
incorporated into a photosynthesis system (Li-6200), and attached
to a closed, dynamic soil respiration chamber (LI-6200-09)
designed for use with the Li-6200. For each measurement, the
soil respiration chamber was placed on a 10 cm diameter by 5 cm
height polyvinyl chloride (PVC) collar that was installed perma-
nently 2 cm into the mineral soil. The forest floor and O-horizon
was left intact within each PVC collar. There are five permanently
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installed PVC collars in each treatment plot. These data were
included in a three-year dataset published previously in Sulzman
et al. (2005). Here, we utilize the seasonal soil CO2 efflux data from
2003. For each plot, data collected from the five PVC collars was
averaged, and then the three replicate plots from the DIRT site
were averaged for each month in 2003. Due to the unexpected
passing of our colleague and subsequent inaccessibility of raw
data, only these monthly average values and no variability
estimates were available for analysis within this paper. Monthly
data are presented so that trends established over time are
apparent and the influence of outliers is lessened by the increased
transparency of data.

Two methods were used to estimate the priming effect on the
Double Litter plots. The first approach (Method A) used a first-order
decay model for litter decomposition to estimate the amount of CO2

efflux expected from the added litter and compared that to the actual
measured amount of extra CO2 efflux from the Double Litter plots.
The second approach (Method B) used the DIRT treatments to
partition aboveground, belowground, and root/rhizosphere sources
of total CO2 efflux and compared the expected amount of CO2 efflux
from the Double Litter plots to the measured amount.

In Method A, we calculated the expected amount of litter
remaining in 2003 from that added during the first six years of the
experiment (1997–2002) (a total of 55 g C m�2 remained) using a
first-order decay constant for Douglas-fir and western hemlock
litter from Harmon et al. (2004). We then calculated the expected
respiration from the Double Litter plots in 2003 attributable to the
remaining litter from previous years’ additions and added it to the
flux from the Control plots. Then we subtracted the expected flux
from the measured flux from the Double Litter plots:

DLCO2
� EXPECTEDCO2

¼ PRIMINGCO2

where DLCO2
is the measured CO2 flux (g C m�2 month�1),

EXPECTEDCO2
is the expected flux from decay of added litter plus

the measured flux from the Control plots, and PRIMINGCO2
is the

difference. The priming effect was then calculated:

PE ¼ PRIMINGCO2

DLCO2

� �
100;

where PE is the priming effect (%) shown as the percent of total CO2

flux from the Double Litter plots attributable to priming.
In Method B, the CO2 flux attributed to roots/rhizosphere,

aboveground litter, and belowground SOM was calculated in a
series of differences in CO2 flux between the DIRT plots (Bowden
et al., 1993; Sulzman et al., 2005):

CTLCO2
� NRCO2

¼ ROOTSCO2
;

CTLCO2
� NLCO2

¼ AGCO2
;

CTLCO2
� AGCO2

� ROOTSCO2
¼ BGCO2

;

where CTLCO2
is the measured CO2 flux (g C m�2 month�1) from the

Control plots, NRCO2
is the measured flux from the No Root plots,

NLCO2
is the measured flux from the No Litter plots, ROOTSCO2

is the
flux attributable to root/rhizosphere respiration, AGCO2

is the flux
attributable to decomposition of aboveground litter, and BGCO2

is
the flux attributable to decomposition of belowground C. We
assumed that these fluxes remained constant and the flux due to
aboveground litter decay doubled in the Double Litter plots to
estimate the expected amount of CO2 flux from the Double Litter
plots (EXPECTEDCO2

). As in Method A, we subtracted the expected
flux from the measured flux from the Double Litter plots to
estimate flux due to priming (PRIMINGCO2

) and expressed it as the
percent of total CO2 flux from the Double Litter plots attributable to
the priming effect (PE).

These calculations are a slight modification of the methods used
in Sulzman et al. (2005), i.e. instead of calculating priming as a
fraction of CO2 flux from the Control plots, we calculate it as a
fraction of CO2 flux from the Double Litter plots. This accounts for a
small discrepancy between our results and the previously reported
annual means.

2.3. DOC collection and fractionation

O-horizon material was collected in August of 1999 from three
mature Douglas-fir stands in the H.J. Andrews Experimental Forest
that had thick (�4 cm) organic horizons that could be separated
into Oi, Oe, and Oa horizons with a knife. Litter was extracted in a
1:40 litter-to-water ratio placed on a shaker at 100 rpm at 22 8C for
48–68 h followed by centrifugation at 7000 rpm for 15 min. The
supernatant of each extract was filtered (Whatman GF/F) and
stored frozen until chemical fractionation.

In summer 2000, one zero-tension lysimeter (20 cm � 20 cm
plastic containers) was installed at the bottom of the O-horizon in
each DIRT Control plot to collect O-horizon leachate. An area of
about 30 cm � 30 cm of the O-horizon was removed, lysimeters
were installed, and then the piece of O-horizon was put back
gently upon the lysimeter. O-horizon leachates were collected
from the zero-tension lysimeters installed on the DIRT control
plots for chemical fractionation on an approximately monthly
basis during November 2001 through May 2002 on a total of 5
dates.

Five Prenart Superquartz tension lysimeters, three at 30 cm and
two at 100 cm, were installed in each plot in 1997 at a 308 angle.
Samples were not collected from the 30 cm tension lysimeters
during the first year, allowing the lysimeters time to equilibrate.
Soil water was collected approximately monthly during the first
few wet seasons, and several times per season in subsequent years,
except when access was blocked by snow. Dissolved organic
carbon concentration data collected from the 30 cm tension
lysimeters from 1999 to 2004 were reported previously in Lajtha
et al. (2005) within a larger dataset and are presented again here to
compare DOC concentration of soil solutions between the Control
and Double Litter plots.

To minimize biological and chemical alteration of the DOC
collections, all samples were retrieved within 72 h after the
application of tension (for tension lysimeters) or after the
beginning of water collection (for zero-tension lysimeters). All
samples were transferred on ice to Oregon State University and
stored frozen until analysis for DOC and chemical fractionation.
Initial experiments with filtering soil solutions demonstrated that
tension lysimeters samples did not need to be filtered, but O-
horizon leachates were filtered through Whatman GF/F filters
(0.7 mm nominal pore size) before being stored.

Dissolved organic matter in soil solutions (O-horizon leachates
and 30 cm tension lysimeters) and Oi, Oe, Oa extracts was
characterized by fractionation into 6 operationally defined
fractions by a method modified from Qualls and Haines (1991)
and Leenheer (1981). The method fractionates DOM by its affinity
to three different types of resins (Amberlite XAD-8, non-inonic;
Amberlite AG MP-50, cation exchange; and Duolite A-7, anion
exchange) and is described in detail in Yano et al. (2004). The
recovered fractions include (1) phenolics (weak hydrophobic
acids), small phenolic compounds (i.e. tannins and flavonoids), (2)
strong hydrophobic acids (HoA), mainly microbially altered plant-
derived material rich in aromatic C of larger molecular size, and
may contain bound amino acids and carbohydrates, (3) hydrophilic
acids (HiA), microbially synthesized and partly plant-derived
material of smaller molecular size with high carboxyl-to-C ratios,
(4) hydrophobic neutrals (HoN), less microbially altered plant-
derived material and contains waxes, fatty acids, and microbial
lipids, (5) hydrophilic neutrals (HiN), highly biodegradable
carbohydrates and polysaccharides, mainly of microbial origin,



Fig. 1. Field-measured CO2 efflux from the H.J. Andrews DIRT plots, precipitation,

soil and air temperature, and percent of total CO2 efflux from the Double Litter plots

that is attributable to the priming effect, calculated by two methods. Values for soil

CO2 efflux and the priming effect are means of the three replicate plots.
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and may contain simple sugars and (6) bases, free amino acids,
peptides, and proteins.

The data collected for litter leachates and O-horizon lysimeters
were published within larger datasets in Yano et al. (2004). Tension
lysimeter (30 cm) data are presented here for the first time and the
data previously have not been reported together.

2.4. Soil collection and incubation

A composite of six 5-cm2 cores taken to a depth of 5 cm per
treatment plot was made for a total of �750 g of mineral soil
collected from each plot in June 2002. Each composite moist
sample was sieved to remove material>2 mm and stored at 4 8C in
tightly sealed bags until density fractionation. Soil was physically
divided into two density fractions based on flotation in a
1.6 g cm�3 solution of sodium polytungstate (SPT, SOMETU, Van
Nuys, CA) (Monnier et al., 1962; Greenland and Ford, 1964). Light
fraction material includes partially degraded organic debris,
including wood, roots, leaf/needles, and bark (Crow et al., 2007).
An estimate of the ‘recalcitrant’ C pool was made by acid hydrolysis
with refluxing of bulk soil in 6 M HCl at 116 8C for 18 h (Paul et al.,
2006). Organic C concentrations of bulk soil, light fraction, and acid
hydrolysis residue were determined by dry micro-Dumas combus-
tion (NA1500 C/H/N Analyzer, Carlo Erba Strumentazione, Milan)
at the Stable Isotope/Soil Biology Laboratory of the University of
Georgia, Institute of Ecology.

Approximately 20 g of bulk mineral soil was incubated for one
year (dark conditions, 23 8C) in bench top filtration units (Falcon
Filter, Becton Dickinson Labware) modified after Nadelhoffer
(1990). At the start of the incubation, soil was re-wetted by adding
10 mL of an inoculum solution prepared from fresh soil of the
respective site shaken in distilled water for 1 h (1:10, soil:water)
and filtered with a Whatman GF/F (0.7 mm pore size). Moisture
content was maintained by adding distilled, deionized water to
each chamber weekly to maintain a constant weight over the
incubation period.

CO2 efflux for each chamber was measured on days 3, 5, 8, 12,
17, 26, 53, 151, 267, and 361. At each measurement, chamber
headspace was purged with CO2-free air and sealed for approxi-
mately 240 min while respired CO2 accumulated. A 500 mL-
calibrated syringe was used to mix the headspace gas several
times before extracting a sample, which was immediately injected
into a Hewlett Packard 5700A gas chromatograph fitted with a 2 m
Poropak R 80/100 column and thermal conductivity detector.
Respiration rate was plotted against time and cumulative
respiration was calculated for each substrate in SAS (SAS Institute,
v. 9.1, Cary, NC) by using PROC EXPAND to approximate the area
under the curve using the trapezoidal method. Mineralization data
collected from the incubation experiment were previously
reported in Lajtha et al. (2005) within a larger dataset and are
presented again here to directly compare C mineralization
between the Control and Double Litter plots.

2.5. Lignin-derived phenols

Alkaline cupric-oxide (CuO) oxidation (Hedges and Mann,
1979) was used to quantify lignin-derived phenols in bulk soil
samples. The biopolymer extractions utilized Monel reaction
vessels (Prime Focus, Inc., Seattle, WA, USA). Following the initial
alkaline reaction and prior to the solvent extraction phase, ethyl
vanillin was added as internal recovery standards for the lignin
phenols. A Hewlett-Packard (5971) quadrupole mass spectrometer
interfaced to a 5890 series II gas chromatograph was used to
quantify individual compounds by extracted ion calibration
curves. Lignin phenols were quantified by analysis of the
trimethylsilane (TMS) derivatives (Hedges and Ertel, 1982) of
vanillyl (V)-based (i.e. vanillin, acetovanillone, and vanillic acid);
syringyl (S)-based (i.e. syringaldehyde, acetosyringone, and
syringic acid); cinnamyl (Ci)-based (i.e. p-hydroxycinnamic acid
and ferulic acid) monomers using extracted-ion internal calibra-
tion curves. The ratios of acid and aldehyde monomers within the S
and V classes (Ac/AlS,V) can be used as an index for the degree of
lignin oxidation (degradation) (Kögel, 1986). In this study, SVCi-
lignin (the sum of S, V, and Ci-based phenols, in mg 100 mg�1 Corg)
is used to express the concentration of lignin-derived phenols.

2.6. Statistical analyses

Student’s T-tests were used to compare mean values between
the Control and Double Litter treatments when appropriate (PROC
TTEST in SAS v.9.1; SAS Institute, Inc., Cary, NC). Samples were
observed for normality, skewness, and kurtosis, but the low sample
number limited the usefulness of these parameters. The two-tailed
T-test is a robust analysis that can withstand some non-conformity
to the assumption of normality (Zar, 1999) and we observed no
obvious outliers in our samples. Statistical significance was set at
0.05. Because natural heterogeneity in forest soils is high and
sample is size low due to constraints associated with the
maintenance of long-term experimental plots, all P-values <0.10
are reported and discussed as trends.

3. Results

3.1. Seasonal patterns in CO2 efflux and priming

Total soil CO2 efflux at the field site was greatest during the
spring months of April–June (with a peak in May) for the Control
plots and the late spring/summer months of May–July (with a peak
in July) for the Double Litter plots (Fig. 1). Soil CO2 efflux for all of



Fig. 3. Six years of DOC concentrations in soil solutions collected at 30 cm in the A

horizon from the H.J. Andrews Control and Double Litter DIRT plots. Values are

means � one standard error for the three replicate plots.

Fig. 2. Chemical composition of litter layer leachates, O-horizon leachates, and soil

solutions collected from the Control and Double Litter DIRT plots. Values are

means � one standard error for the three replicate plots.
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the treatments generally increased throughout the spring months
while precipitation was still present and air and soil temperatures
increased following winter. However, during the warmest and
driest months of late summer (July–August) soil CO2 efflux
declined. In September, precipitation increased and soil CO2 efflux
increased again before declining during the fall and winter months.
This yearly pattern persisted at this site over the course of three
years (2001–2003) (Sulzman et al., 2005). Effluxes from the Double
Litter plots were greater than Control plots every month and, with
two exceptions, the litter removal plots were less than the Control
plots.

The priming effect estimated by Method A generally agreed
with Method B each month, with reported low values for May,
October, November, and December, intermediate values for
January–April, and high values for June–August (Fig. 1). The
decline in soil CO2 efflux during the warm, dry, late-summer
months coincided with the greatest percent of total CO2 efflux
attributed to priming as estimated by both methods.

3.2. DOC: chemical fractions and concentration

The relative abundance of hydrophilic neutral compounds
decreased whereas hydrophobic and hydrophilic acid compounds
increased in water extracted from increasingly degraded layers of
the O-horizon (Oi, Oe, Oa) (Fig. 2). O-horizon leachates were
dominated by the hydrophobic and hydrophilic acid groups
(together constituting >92% of total DOC) and no differences in
composition were apparent among the Control and Double Litter
plots.

On every sampling date but two from 1999 to 2004, the DOC
concentration in soil solutions collected from tension lysimeters at
the 30 cm depth was greater in the Control plots than in the Double
Litter plots (Fig. 3). In soil solutions collected from the 30 cm depth
Table 2
Soil carbon and lignin-derived phenol properties of mineral soil at the H.J. Andrews D

Control

CSOC (g C kg�1 soil) 67.9 � 1

C in light fraction (% of bulk soil C) 15 � 1

SVCi-lignin concentration (% of bulk soil C) 3.78 � 0

Lignin-decay state (Ac/AdV) 0.45 � 0

‘Labile’ C, respired after 150 days (% of bulk soil C) 3.5 � 0

‘Recalcitrant’ C, 6 N HCl residue (% of bulk soil C) 73.2 � 4

Values are mean � one standard error.
* Means that are trends at the P < 0.10 level.
** Means that are significantly different at the P < 0.05 level.
of the mineral horizon, the proportion of hydrophilic neutral
compounds was elevated compared to the O-horizon leachates
(Fig. 2). The relative abundances of hydrophilic neutral and
hydrophobic acid compounds were lower and hydrophilic acid and
hydrophobic neutral compounds were greater in the Double Litter
plots compared to Control plots.

3.3. Soil properties and incubation

Variability in bulk soil C concentration was large and the means
for Control and Double Litter plots were not significantly different
(Table 2). The percent of bulk soil C recovered within the light
fraction was greater in the Double Litter soil than the Control
(P = 0.070). Although the concentration of lignin-derived phenols
in bulk soil was the same in the Control and Double Litter plots, the
decay state (ratio of acid to aldehyde lignin-derived phenols) of the
vanillyl (V) phenol classes, which is the most abundant class in
gymnosperm plant tissue (Hedges and Mann, 1979), was
significantly greater in bulk soil from the Double Litter plots
compared to the Control (Table 2).

During the one-year incubation of mineral soil, respiration rates
were consistently lower from the Double Litter plots than from the
Control plots (Fig. 4). As a result, there was a trend towards more
cumulative C mineralized from the Control plots than the Double
Litter plots (P = 0.092). Respiration rates generally leveled off after
day 150. Therefore, we defined the ‘labile’ C pool as the cumulative
C respired up to that point. The ‘labile’ C pool was smaller for the
Double Litter plots than the Control plots, but not significantly so
IRT site.

Double Litter P-value

0.7 95.9 � 19.5 n.s.
* 22 � 3* 0.070

.70 4.03 � 0.96 n.s.

.03** 0.54 � 0.02** 0.042

.2 2.8 � 0.5 n.s.

.0 80.0 � 3.3 n.s.



Fig. 4. Respiration rates (upper panel) and cumulative C mineralized (lower panel)

during one-year incubation of bulk mineral soil collected from the H.J. Andrews

Control and Double Litter DIRT plots. Values are means � one standard error for the

three replicate plots, an asterisk indicates a trend for the cumulative amount of C

mineralized after one year (P = 0.092).
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(Table 2). The ‘recalcitrant’ C pool, measured within the 6 N HCl
acid digestion residues, was greater for the Double Litter plots than
the Control plots, but also not significantly so.

4. Discussion

4.1. Microbial communities and seasonality in priming effects

Based in part on the observed shift in microbial community on
the litter addition plots compared to the Control plots at H.J.
Andrews in November 2003 (Brant et al., 2006a), we hypothesized
that the greatest amount of priming would occur during autumn,
when a fresh flush of needlefall and DOC (Lajtha et al., 2005),
increased soil moisture (Sulzman et al., 2005), and an altered
microbial community (Brant et al., 2006a) would suggest strong
linkages between microbial processing and available organic
matter. However, this hypothesis was not supported. We found
that the least priming occurred in the months of October,
November, and December and that the greatest priming occurred
during the late spring and summer months (June, July, and August)
(Fig. 1), during which time no difference in microbial community
between the Control and Double Litter treatments was previously
observed (Brant et al., 2006a).

For 2003, we estimated that on average 21.6% (Method A) or
11.5% (Method B) of the annual CO2 efflux from the Double Litter
plots was due to soil priming, which was equivalent to an
additional 256 g C m�2 yr�1 (Method A) or 137 g C m�2 yr�1

(Method B) loss of soil C to the atmosphere. The dry summer
typical of the Pacific Northwest reduced the CO2 efflux but
promoted priming in the Double Litter plots. The peak in priming
coincided with the time of highest air and soil temperature and
lowest precipitation (Fig. 1). In 2003, transfer of litter onto the
Double Litter plots occurred in both April and July. Because
priming was not similarly elevated in April–May, the point-source
addition of litter is not likely a direct explanation for the high rates
of priming that we observed during July–August. Instead, elevated
priming in July–August likely was due to the cumulative added
litter over six years and higher temperature, increased enzyme
activity, and greater root activity, results that agree with other
studies that found the greatest priming effect corresponded to
peaks in litter decomposition and temperature (Subke et al., 2004).

4.2. Priming by ecosystem type

Our results are comparable to work in a Norway spruce stand,
where existing populations of rhizosphere microbes were linked to
soil priming following litter addition (Subke et al., 2004). Similar to
our estimates, up to 19% of CO2 efflux was attributable to soil
priming following litter addition in this study. However, our
results are in contrast to Cleveland et al. (2004), working in a
tropical forest, who found that opportunistic members of the soil
community, specifically members of the Gammaproteobacteria
and Firmicutes groups, responded strongly to added substrates.
The low nutrient status of the soils at our old-growth forest is
associated with a high occurrence of ectomycorrhizal fungi and
large overall contribution of belowground components to total soil
CO2 efflux (over 80%) compared to more nutrient rich sites
(Sulzman et al., 2005). These observations suggest that processes
controlling soil priming are different among ecosystems of
differing climate, nutrient status, and vegetation type.

In our forest, a negative correlation exists between soil moisture
and CO2 efflux due primarily to the fact that in winter soil conditions
are near saturation and, even during the dry summer, soil volumetric
water content rarely falls below 20% (Sulzman et al., 2005).
Measured over three years, soil temperature was not different
between the Double Litter and Control plots. However, soil moisture
was consistently lower in the Double Litter plots compared to the
Control during the summer. Further, the Double Litter plots in late
summer were the only plots to drop below 20% volumetric water
content (Sulzman et al., 2005), the threshold below which other
studies have shown a positive correlation between soil moisture and
CO2 efflux (Davidson et al., 1998; Rey et al., 2002).

Coniferous forests often are more fungal dominated than
deciduous forests (e.g. Frey et al., 2004), which may help explain
the difference in functionality of the microbial community among
ecosystem types. In soil collected in July 2003 from the same H.J.
Andrews site, Brant et al. (2006a) observed that the Control and
Double Litter plot soils were positively associated with fungal PLFA
biomarkers, but no significant differences in either fungal or
bacterial biomass existed between the treatments. In an old-
growth Douglas-fir–western hemlock forest in western Washing-
ton, Moore-Kucera and Dick (2008a) found a significant decline in
PLFA biomarkers for both fungi and bacteria and an increase in
stress biomarkers in late August compared to mid-June, suggesting
that the microbial community was declining under water-limiting
conditions. These results are in contrast with many other studies
that have linked increases in microbial biomass and activity to
priming (see review by Kuzyakov et al., 2000).

4.3. Coniferous litter as a substrate for priming

Much research has shown soil priming to occur in response to
added sources of labile C (Kuzyakov et al., 2000; Brant et al., 2006b;
Cleveland et al., 2007), although Rasmussen et al. (2008) also
showed that additions of recalcitrant C can result in priming,
especially when SOM is recalcitrant already. Litter decomposition
rates are generally lower in coniferous litter than in deciduous
litter (see Berg and McClaugherty, 2007). However, the hydrophilic
neutral fraction was abundant in fresh litter from the Oi horizon
relative to other compounds (Fig. 2) and is highly biodegradable
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(Qualls and Haines, 1992; Jandl and Sollins, 1997). Don and Kalbitz
(2005) found that C mineralization from DOC extracted from fresh
pine and spruce litter was actually greater than mineralization
from maple and beech-derived DOC; this indicates the potential of
leachates from coniferous needles as a source of easily accessible
organic matter inputs.

At H.J. Andrews, water-extractable DOC decreased significantly
from Oi (385 mg/L), Oe (147 mg/L), and Oa (38 mg/L) horizons
(Yano et al., 2004). Hydrophilic neutral compounds disappeared
from soil solution with depth in the O-horizon and were replaced
by hydrophobic and hydrophilic acid compounds (Fig. 2), which
are comprised of more microbially altered compounds (Qualls and
Haines, 1992). The concentration of DOC in O-horizon leachates
was not significantly different for the Double Litter plots (51.1 mg/
L) than the Control plots (39.8 mg/L) (Yano et al., 2004) and the
chemical composition of O-horizon leachates was not distinguish-
able between the treatments (Fig. 2). This suggests that at this site,
microbial activity extensively processes DOC before it enters the
mineral horizon.

Kalbitz et al. (2007) proposed that added litter promoted
priming in the Oe/Oa horizons, resulting in enhanced microbial
DOC production from C already stored in the O-horizon. We did not
find increases in DOC concentrations from plots with added litter,
but in the added litter plots, we did find an increase in the relative
abundance of DOC fractions of microbial origin and indicative of
decomposition processes. The coniferous material appears to
contain large initial amounts of labile material that may stimulate
microbial respiration in the O-horizon, however this labile
material disappears as the soil solution passes into mineral soil.
Hence, labile C from aboveground litter is not likely to be a direct
cause of priming in the mineral soil.

4.4. Evidence for mineral soil priming

By the time that we had conducted the laboratory incubation,
the field experiment had been in operation for five years. If priming
had been occurring in situ in the Double Litter plots over that time,
then the soil used for the laboratory incubations should have
contained C that already was more degraded and resistant to
decomposition than the Control soil. Correspondingly, we found
that respiration rates were consistently lower for the soil collected
from the Double Litter plots than the control plots, leading to less
cumulative C mineralization over the course of the year incubation
(Fig. 4). The lignin-derived phenols in soil from the Double Litter
plots were significantly more degraded than lignin-derived
phenols from the Control plots, providing direct evidence that
some SOM was degraded and further supporting the idea that
priming had occurred in mineral soil, and not just O-horizon
material (Table 2).

We expected DOC in soil solution to provide a substrate for the
microorganisms responsible for soil priming. Although DOC from
added litter did not directly provide the additional easily-
accessible input to mineral soil that we expected, DOC concentra-
tions in soil solutions collected from the 30 cm depth tension
lysimeters consistently were elevated in the Control plots
compared to the Double Litter plots throughout our five-year
measurement period (Fig. 3). As a result, annual DOC flux from the
30 cm depth of mineral soil was lower in the Double Litter plots
than the Control plots (Lajtha et al., 2005). However, the difference
between treatments was not significant at 100 cm, suggesting that
the net export of DOC to stream flow, which is a proxy for C losses
from soil to streams, is not affected by litter additions. Thus, there
was evidence that DOC in mineral soil horizons was utilized in
excess on the Double Litter plots compared to Control plots, but
this did not affect the overall soil C balance because it did not
translate into decreased C loss through DOC.
In the mineral soil, root-derived C (i.e. root exudates and
rhizosphere organic matter) provided fresh sources of different
chemical classes of DOC. In the Control soils, we found that amount
of hydrophilic neutral compounds (highly biodegradable material)
collected in soil solution was substantially greater at the 30 cm
depth in the mineral soil than it was immediately below the O-
horizon (Fig. 2). However, in the Double Litter plots this easily
degradable DOC fraction was present in lower relative amounts in
soil solution than in the Control plots. In place of hydrophilic
neutral compounds, hydrophobic neutral (plant-derived material
including waxes, fatty acids, and microbial lipids) and hydrophilic
acid (both microbially synthesized and plant-derived material of
smaller molecular size with high carboxyl-to-C ratios) fractions
were elevated (Qualls and Haines, 1991). Our results are similar to
those found in a grassland site, where soil priming reduced the
amount of fresh plant-derived DOC in the mineral soil between 10
and 20 cm and decreased DOC export when litter was added
experimentally (Steinbeiss et al., 2008). This shift from easily
degradable compounds to more recalcitrant plant-derived and
microbially synthesized together with the decrease in DOC
concentration in soil solution is consistent with mineral soil
priming in the soil with additional litter inputs.

4.5. Link between O-horizon and mineral soil

Our evidence revealed that increased aboveground litter results
overall in positive mineral soil priming, but the link between forest
floor processes and mineral soil priming remains unclear. Subke
et al. (2004) also found that adding litter alone was not sufficient to
induce soil priming, but that the priming effects in a Norway
spruce forest were related to the presence of roots and an active
rhizosphere. Our results similarly suggest that the rhizosphere and
litter additions are connected mechanistically and result in the
observed elevation in soil CO2 efflux as a result of rhizosphere
priming, but that DOC does not provide a direct supply of easily
degradable substrate between the forest floor and mineral soil that
could have induced priming when litter was added.

Instead, biotic connections between the forest floor and mineral
soil may have influenced processes that control priming. For
example, the O-horizon typically is invaded by fine roots
(Ehrenfeld et al., 1997). Across a variety of coniferous forests,
Ehrenfeld et al. (1992) found that 30–60% of fine roots were found
within the O-horizon. By some estimates, up to 80% of fine root
biomass is located within the top 30 cm of soil at H.J. Andrews
(Harmon, unpublished data). Fungal transport of litter residue and
nutrients to mineral soil also has been shown (Frey et al., 2003;
Williams et al., 2006) and Moore-Kucera and Dick (2008b)
observed fungal hyphae emerging from the mineral soil into litter
bags placed on the forest floor. Further, Brant et al. (2006b) found
that fungi were primarily responsible for priming during a soil
incubation experiment; adding a phenol substrate induced the
strongest priming effect in soils from H.J. Andrews. Together with
the increased decay state of the soil lignin-derived phenols, our
results suggest that rhizosphere priming may be driven in part by
lignin-degrading fungi in this old-growth coniferous site. Thus,
roots and their associated mycorrhizal fungi potentially provide
the link between the forest floor and mineral soil priming in our
old-growth coniferous forest.

4.6. Net effect of soil priming

The net effect of increased litter additions to soil C depends on
the sum of numerous soil processes. Our work indicated that soil
priming accelerated processing of some soil C in the mineral
horizon of this old-growth forest, but we also found early evidence
of increased total soil C and recalcitrant C with added litter
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(Table 2). Additionally, soil C was more resistant to decay and the
‘labile’ C pool showed signs of being smaller in the Double Litter
plots compared to the Control plots. Douglas-fir and western
hemlock needles are highly concentrated in cutin acids (Goni and
Hedges, 1990; Crow et al., 2009), which are chemically recalcitrant
and accumulate in soil (e.g. Nierop, 1998; Lorenz et al., 2007). Thus,
additional needle inputs provide an added source of potentially
stabilized soil C (Crow et al., 2009). Although some of these
differences were not yet significant, they may become more
prominent over time with continuous litter amendment.

Dividing soil into light and heavy fractions did not successfully
separate C pools with different rates of turnover, i.e. the radio-
carbon-based mean residence time of light fraction was 117 yr and
the heavy fraction was 93 yr for the Control soil (Crow et al., 2007).
Therefore, the observation that light fraction C increased with litter
addition suggests an increase in what typically would be
considered an intermediate (century-scale) soil C pool. Using
sequential fractionation of the same soil at increasing densities,
Sollins et al. (2006) found all C recovered in fractions <2.28 g/mL
density had mean residence times of<200 yr. SOM associated with
minerals >2.28 g/mL in density did have a mean residence time
>680 yr, but this material comprised less than 5% of total soil C.
Unless soil priming substantially decreased the amount of C in the
most recalcitrant C pools, the effective impact of priming on overall
C storage in this ecosystem is likely to be small. Thus, the net effect
of soil priming on total C storage and dynamics induced by
increased aboveground NPP remains unclear.

Relationships among net primary production, increased litter
production, and net soil C storage are complex. Although
priming may mineralize some recalcitrant soil C, increased
inputs of C to soil may also move into stabilized pools of soil C
(Hyvönen et al., 2007). To quantify net C exchange in soil, it will
be critical to understand and to quantify all soil C flux processes.
Importantly, soil mineralogy also factors into C stabilization.
Rasmussen et al. (2007) found that in 90-day incubations,
mineralogy was the dominant control on soil C priming in three
coniferous forests. In addition, high soil C/N, low N availability,
and high amounts of SOM stabilized by Fe oxyhydroxides, all
characteristic of the old-growth forest soils at H.J. Andrews,
affected the amount of C that was susceptible for priming
(Rasmussen et al., 2007). The net balance of soil C storage in
response to increased forest productivity will be depend upon
rates of microbial processing of added of labile and recalcitrant C
compounds, fluxes of DOC into soil C pools, and stabilization of
soil organic C.
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