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Climate and nutrient availability modify the rate of carbon loss from soil and detrital pools in forest
ecosystems. In a managed loblolly pine (Pinus taeda L.) plantation, we examined how reduced throughfall
and fertilization affected wood decomposition and soil CO, efflux. For ~1.5 years, soil CO, efflux and the
mass loss of Pinus wood sticks were examined in relation to soil temperature and moisture and the accu-
mulation of soil NH} and NO3 for a factorial combination of two treatments: a 30% throughfall reduction
(TR) treatment, fertilization with nutrient additions typical for this plantation type (224 kg/ha N, 64 kg/ha
P and 67 kg/ha K), and a combined treatment. Wood mass loss was estimated separately for substrates
affected by only microbes and those with visual signs (e.g. tunnels) of macroinvertebrate consumption.
For the 426 days of the experiment, wood sticks decomposed only by microbes lost 3-6% of their mass
while those also tunneled by macroinvertebrates lost 35-45% of their mass. By the end of the study
macroinvertebrates had tunneled into 54% of all sticks across treatments. Because of macroinvertebrates,
fertilization increased wood decomposition overall, despite significantly lower decomposition occurring
in fertilized plots for sticks only decomposed by microbes. The TR treatment decreased wood decompo-
sition but there was an interaction with location, where inhibition occurred near trees and under
throughfall excluders but not at the midpoint between two planted rows. Wood sticks placed inside a col-
lar used to measure soil CO, efflux also decomposed significantly slower than all other locations. Soil CO,
efflux was inhibited by fertilization, primarily in August when temperatures were at the annual maxi-
mum. The depressed soil CO-, efflux from fertilization may have been the result of increased N availabil-
ity, as fertilization stimulated NO3 production. The main effect of TR on soil CO, efflux or N availability
was not significant, but the TR effect on soil CO, efflux interacted with time, reflecting generally lower
efflux on different dates relative to non-TR treatments. These results suggest ecosystem C loss from soil
CO; efflux was relatively insensitive to throughfall reduction, but wood decomposition was sensitive to
both fertilization and lowered moisture availability. However for wood decomposition, the positive fer-
tilization effect was dependent on macroinvertebrates, whose response to fertilization was the opposite
to that of both microbes and soil CO, efflux. Predicting the fate of woody detritus in loblolly pine plan-
tations may require models that include the response of macroinvertebrates to climate and management.

© 2016 Elsevier B.V. All rights reserved.

Keywords:
Decomposition
Macroinvertebrate
Throughfall reduction
Fertilization

Loblolly pine

1. Introduction

Forest carbon (C) cycling is a critical component of the global C
cycle (Stocker et al., 2013). The size of the pools of C found in forest
soil, biomass and detrital litter are greater than that of the atmo-
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spheric pool’s 750 Pg C, with biomass and detrital litter containing
~360 Pg C (Malhi et al., 2002), and forest soils containing nearly
500 Pg C (Dixon et al., 1994). In general intact forests remove more
C than they lose, where ecosystem respiration is less than or equal
to annual photosynthesis (Luyssaert et al., 2007). However in man-
aged forests that undergo periodic harvesting, the forest can
become a source of C when decomposer activity increases C loss
from residual wood and litter, and when an increase in soil CO,
efflux is predominately from heterotrophic respiration (Bracho
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et al., 2012; Noormets et al., 2012). Understanding the control on
this ecosystem C loss is critical to estimating the effects of manage-
ment on managed forest C balance.

The area of forests managed for wood production has increased
worldwide over the last several decades (Fao, 2012), with the
southeastern United States leading in the percentage of land area
converted to intensively managed pine plantations (Wear and
Greis, 2002). Managed pine forests are critical to regional C bud-
gets, acting as C sinks between harvest cycles (Bracho et al,
2012). Management decisions in southern pine forests can affect
the amount of ecosystem C accumulated under intensive manage-
ment, with fertilizer increasing biomass and detrital pools of C
(Vogel et al.,, 2011). However, increased fertilizer prices have
reduced the area of plantations being fertilized (Fox et al., 2007),
potentially leading to lower rates of C accumulation in tree bio-
mass. Less predictable however, are how rates of C loss from detri-
tal pools and soil organic matter will be affected by changing
fertilization practices, as nutrient additions can have complex
effects on wood and litter decomposition and soil CO, efflux.

Fertilization, especially nitrogen addition, can decrease (Kaufert
and Behr, 1942; FOG, 1988) or increase (Downs et al., 1996; Micks
et al., 2004; Allison et al., 2009; Bebber et al., 2011; Clay, 2013)
wood decomposition. The negative effects of N addition on decom-
position are often associated with reduced enzyme production by
fungi (Sinsabaugh, 2010). Fertilization decreased soil CO, efflux
in tropical forests (Giardina et al., 2003) and temperate forests
(Olsson et al., 2005; Phillips and Fahey, 2007), and can occur
because of reduced heterotrophic and autotrophic respiration.
Negative effects of N addition on autotrophic root respiration have
been attributed to less plant allocation of C to roots and the rhizo-
sphere (Janssens et al., 2010). Nitrogen addition has also decreased
heterotrophic respiration by reducing microbial enzyme activity
(Olsson et al., 2005). Relative to microbes, less is understood about
the response of macroinvertebrates to fertilization. Nitrogen addi-
tion doubled termite abundance in a West African grassland (Zida
et al., 2011) and decreased macroinvertebrates in a northern tem-
perate forest (Gan et al., 2013), however, similar studies are lacking
for intensively managed pine plantations.

Decomposition and soil CO, efflux are both affected by abiotic
environmental conditions (temperature, soil moisture) and biotic
factors (types and activity of decomposer organisms) (Cornwell
et al., 2009; Bradford et al., 2014). Environmental factors exert
strong effects on woody debris decomposition (Kueppers and
Harte, 2005; Cornwell et al., 2009). Soil warming increased wood
decay rates in temperate forests (Mackensen et al., 2003; Berbeco
et al., 2012), and drought decreased decomposition or decomposer
activity in many ecosystems (Berg and McClaugherty, 2008;
Manzoni et al., 2012). Drought has also increased wood mass loss
in a dry temperate forest in the western US (Barker, 2008) and a
rainforest in Puerto Rico (Torres and Gonzalez, 2005). Contradic-
tory effects of drought on woody debris decomposition are possi-
bly explained by inhibited enzyme activity, increased aerobic
condition, stimulated fungal biomass or differential response by
microbes or macroinvertebrates.

Most wood decomposition experiments have focused on
microbes as the primary decomposers, leaving macroinvertebrate
response to climate a critical uncertainty in wood decomposition
models. A large body of research in boreal and cool temperate for-
ests suggests that microbes are responsible for more than 90% of all
litter decomposition (Berg and McClaugherty, 2008), with fungi
being the controlling decomposers for wood decomposition
(Clausen, 1996). In contrast, researchers in tropical forests have
estimated that macroinvertebrates are responsible for at least half
of wood decomposition (Meyer et al., 2011), causing the release of
about 1.9Pg Cyr~! (Cornwell et al., 2009). Less research about
macroinvertebrate decomposition has been done in temperate

regions but termites in particular may be responsible for signifi-
cant amounts of decomposition in North American temperate for-
ests (Stamm, 2006; Ulyshen et al., 2014; Neupane et al., 2015). In
general, macroinvertebrates may have a different response to cli-
mate than free-living microbes because some like termites can
build nests to protect their colony from extreme environments,
and most can avoid climate extremes through vertical migration.
When microbes and macroinvertebrates have been studied
together, drought has had both positive and negative effects on
wood decomposition by both microbes (Kaarik, 1974; Barker,
2008; Alster et al., 2013; A'Bear et al., 2014) and macroinverte-
brates as the primary decomposer (Torres and Gonzalez, 2005;
Jamali et al., 2011).

The objective of this study was to determine the influence of
reduced moisture availability and fertilization on wood decompo-
sition and soil CO, efflux in a managed loblolly pine (Pinus taeda L.)
plantation in southeastern Oklahoma, USA. In addition, the relative
decomposition response of microbes and macroinvertebrates to
treatment was estimated by separating wood decomposition
assays into two groups: ones where the mass loss of wood sticks
occurred without macroinvertebrate tunnels, which were consid-
ered driven only by microbial decomposition, and wood sticks with
evidence of macroinvertebrate feeding, primarily tunnels. This lat-
ter group was classified as being decomposed by both microbes
and macroinvertebrates. We hypothesized that throughfall exclu-
sion would decrease soil CO, efflux and wood decomposition and
similarly, fertilization would decrease soil CO, efflux and
decomposition.

2. Methods
2.1. Study sites

The study site was located near Broken Bow, Oklahoma
(34°01'N, 94°49'W). From 1982 to 2013, the region had a mean
annual temperature of 16.6 °C and a yearly summed precipitation
of 130 cm (NOAA National Weather Service - http://www.ncdc.
noaa.gov/cdo-web/datasets/ANNUAL/locations/ZIP:74745/detail,
accessed February 2014). The average daily minimum temperature
in January was —1.6 °C while the daily average maximum temper-
ature in August was 34.2 °C. The surface (0-24 cm) soil texture was
a fine sandy loam and the argillic subsoil texture was a clay loam.
The soil series is Ruston, which is a Typic Paleudult. The argillic
horizon had mottling and other redoximorphic visual signs begin-
ning around 50 cm, suggesting the site was poorly drained, despite
the upland position of the plots and a range in slope of 3-8%.

2.2. Study design

This research was conducted within a loblolly pine plantation
that had a mixture of open-pollinated first-generation genotypes
from the Western Gulf region of the loblolly pine range (Oklahoma,
Arkansas, Louisiana, Texas) (Will et al., 2015). Loblolly pine seed-
lings were planted in rows in January of 2008 at an approximate
spacing of 2 m between trees and 3 m between rows. The planta-
tion had received site preparation and competition control prior
to our study’s installation. In August 2007 before planting, a broad-
cast application of 680 g ha~! of Chopper® (27.6% imazapyr) (BASF
Corporation, Florham Park, NJ, USA) plus 2.8 Lha~! of glyphosate
(53.8% active ingredient) was conducted. Prescribed burning was
then done in October 2007. In November 2007 subsoiling was done
along contours to ~50-60 cm depth with a D8 Caterpillar dozer
and attached subsoiling shanks (Caterpillar Corporate, Peoria, IL,
USA), with seedlings planted in the furrows. Additional woody
plant and herbaceous weed control was conducted in March
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2008, with the broadcast application of 420gha™! of Arsenal®
(27.6% imazapyr) (BASF Corporation, Florham Park, NJ, USA) and
175gha™! of Oust Extra® (56.25% Sulfometuron methyl, 15.0%
Metsulfuron methyl) (E.I. Du Pont De Nemours and Company,
Wilmington, DE, USA).

The study design was a randomized complete block design with
four blocks and four treatments. Treatment plots were set up in
2011. Each plot was approximately 0.08 ha with an outside buffer
area and an internal measurement plot (around 0.04 ha). Before
treatment establishment, all competing woody understory vegeta-
tion was killed with 2% glyphosate by directed spray, and the plots
were maintained weed free for the duration of the experiment
with follow-up directed spray. The experimental design was a fac-
torial combination of fertilization and throughfall reduction. Fertil-
ization (432 kgha™! urea, 140 kg ha~! diammonium phosphate
and 112 kg ha™! potash) was conducted in April 2012 to achieve
‘optimum’ nutrition as reflected by the elemental rates of
224kgNha ', 27kgPha ! and 56 kg Kha . To reduce nitrogen
volatilization, Agrotain Ultra (Koch Agronomic Services, LLC,
Wichita, KS) was applied at a rate of 0.43mlkg ' of urea. A
micronutrient mix was also added (6% sulfur, 5% boron, 2% copper,
6% manganese, and 5% zinc; Southeast Mix, Cameron Chemicals,
Inc., Virginia Beach, VA) at a rate of 22.4 kg ha™'. Plastic sheeted
troughs were installed both in open areas between planted rows
and below the tree canopy in June of 2012 to divert approximately
30% of precipitation and throughfall off the plot. This treatment is
referred to as ‘throughfall reduction’ (TR) hereafter. Two 0.5 m
wide troughs, separated by an open space 0.5 m wide, were ele-
vated between 0.6 and 1.2 m high above the soil surface (depend-
ing on slope and position along the trough run). Both troughs were
~0.5 m from a planting row, running parallel to a row with a slight
height change that allowed for the captured throughfall to be
gravimetrically funneled away from the plots. Will et al. (2015)
described trough construction in more detail. In each of four
blocks, there was a plot with no rainfall manipulation or fertiliza-
tion (control (C)), a TR, an optimum fertilization (F), and a com-
bined F + TR plot.

2.3. Field measurements

Measurements of soil CO, efflux were conducted over
18 months from May 2012 to October 2013. Eight 20 cm diameter
polyvinyl chloride measurement collars were permanently
installed at random locations within the measurement plot, with
collar edges placed to a mineral soil depth of ~3-4 cm. Soil CO,
efflux was measured with an infra-red gas analysis system (Li-
Cor 6200, Li-Cor Environmental, Lincoln, NE). Measurements were
conducted approximately every 4-8 weeks. Soil temperature at
10 cm depth, and volumetric soil moisture (Hydrosense, Campbell
Scientific Inc., Logan, UT) across the depth interval 0-12 cm, were
measured concurrently with soil CO, efflux measurements.

To assess the response of decomposition to treatments and spa-
tial variation, common wood substrates (southern pine wood
sticks with the dimension of 12.7 cm x 1.8 cm x 0.6 cm) were
placed in August 2012. Sticks were cut from two pieces of dimen-
sional lumber (2.54 cm x 30.5 cm x 243.8 cm) that were pulled
from the same bundle. It is highly likely these sticks derived from
P. taeda but shortleaf pine (Pinus echinata Mill.) is also harvested in
the region. Sticks were dried at 105 °C for two days before place-
ment in the field and the initial dry weight for each stick was
recorded. For the field placement of sticks, six trees were randomly
selected in each plot and a set of two sticks were set close, middle
and far from the tree. The ‘close’ sticks were placed at the base of a
tree, while the ‘far’ sticks were located exactly in the middle of two
tree rows or about 70 cm from the base of a tree, and the ‘middle’
sticks were placed ~0.5 m from the tree and directly under the

trough when present. Another six sticks were put on the soil sur-
face inside the soil CO, efflux collars. Half of the wood sticks were
collected after 216 days and the other half collected after 426 days.
On removal, sticks were cleaned, assessed for consumption by
macroinvertebrates, oven dried at 105 °C for 48 h, and weighed
to determine the woody mass loss.

The ammonium and nitrate concentration response to treat-
ments were measured on exchange membranes. Three pairs of
cation and anion exchange membranes (5 cm x 10 cm) (GE Osmo-
tics, Inc., Westborough MA, US) were installed in random locations.
Resins were placed from the surface to ~7.1 cm soil depth adjacent
to each other and at a 45° angle from the soil surface. The mem-
branes were installed and collected every 3-4 months from August
2012 to September 2013. To extract ammonium and nitrite, deion-
ized H,0 was first used to rinse membranes of soil particles and
then each pair of cation and anion exchange membranes were
combined and were shaken for 1h in 1M KCl. Ammonium and
nitrate concentrations were analyzed with an Eon Microplate Spec-
trophotometer (Bio-Tek, Winooski VT, US).

2.4. Calculations

The woody mass loss of all (D)) individual sticks before separa-
tion by tunnel presence was calculated as follows:
M; — My

— x 100% (1)

Dall = M1

where M; is the initial weight of the sticks, and My (T = 216 days or
426 days) is the weight of the stick collected after 216 days or
426 days. Subsequent analysis of the effects of the decomposer
community were conducted two ways, using individual sticks
within treatments, and averages of sticks within plots, as each
approach offers different sensitivity to the change in sample size
caused by varying levels of macroinvertebrate tunneling.

The decomposer (d) community effect was estimated for
microbes and macroinvertebrates, where sticks were separated
into two groups: the decomposition of sticks without macroinver-
tebrates tunnels was microbial decomposition (D,,), while the
decomposition of sticks with macroinvertebrate tunnels was con-
sidered contributed by both microbes and macroinvertebrates
(Dme+m)- Similar to the all sticks estimation:

_ Mmi — MmT

Dm Mmi

x 100% (2)

Mmmi - MmmT

mmi

Dinim = x 100% 3)

To reduce the sensitivity of results to the varying colonization
rates of macroinvertebrates, the total carbon pool mass loss of each
plot (Dpio¢) and the mass loss caused by a decomposer (D, microbes
or macroinvertebrates) was summed, where:

M; - > M
Dapior = 2 i — 2 Mz = MZ ' 100% (4)
> Mpi — > Mnr
D == _—__ _~ " x100% 5
mplot S Mo X Yo ()
Z Mmmi - Z MmmT
D = 1009 6
'm+mplot ZMmmi X % ( )

and " M; is the initial sum weight of sticks in each plot, and Y~ My is
the sum weight of all sticks after 216 days or 426 days in each plot;
>~ Mp,; is the initial sum weight of the sticks that attacked only by
microbes in each plot, while Y~ M,r is the sum weight of sticks that
attacked by microbes after 216 days or 426 days in each plot;
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>~ Mpm is the initial sum weight of the sticks that were attacked by
both microbes and macroinvertebrates in each plot, while >~ Myur
is the sum weight of sticks that attacked by both microbes and
macroinvertebrates after 216 days or 426 days in each plot.

2.5. Statistical analyses

The effects of fertilization, TR, and time along with their inter-
actions on macroinvertebrate’s attack probability (percentage of
tunneled wood) were assessed using logistic regression. The effect
on wood mass loss of fertilization, TR, location and time on Dy;, D,
and D+, were assessed using linear mixed model conducted in
the ‘lme4’ package in R (Bates, 2010). Fertilization, TR, location,
and time along with their interactions were included as fixed
effects, while blocks and subjects nested within block were
included as random effects. Subjects were defined as unique loca-
tions of wood sticks, with the only difference being the collection
date. Sticks from each location were collected once for each date,
and considered a repeated measurement. Within each collection
date, a three-way ANOVA with block as a random effect was used
to test the treatment effects and post hoc contrasts (Tukey HSD)
were used to evaluate differences among levels of locations. The
effects of fertilization, TR, location, time and their interaction on
Dpiots Dmplot: Dm+mplior Were analyzed using three-way ANOVA with
block as a random effect. Logit transformation was used for Dy,
D, Dm+ms Dpiots Dmpiots Pm+mplot t0 meet the assumption of normal-
ity of the non-binomial proportion data (Warton and Hui, 2011).

Accumulated ammonium and nitrate were analyzed by three-
way ANOVA. Fertilization, TR, and date intervals, along with their
interactions were included as fixed effects, and block was included
as a random effect. Lambda of —2 was valued by Box-cox power
transformation in R to correct heterogeneity of ammonium and
nitrate accumulation before conducting the ANOVA. Tukey HSD
multiple comparisons were used to determine level difference of
date effects and the interaction of fertilization and date.

The effects of fertilization and TR on seasonal measurements of
soil CO, efflux were evaluated using linear mixed-effects model in
R. Fertilization, TR, and time, along with their interactions were
included as fixed effects, soil temperature and soil moisture were
included as covariates, two random effects were blocks and collars
nested within blocks. Log transformation was used for soil CO,
efflux assessed by Box-cox power transformation. Significance of
effects and model selection were evaluated in ‘ImerTest’ package
(Kuznetsova et al.,, 2013). Multiple comparisons were used to
determine the interactive effects between fertilization and dates
by ‘multcomp’ package (Hothorn et al., 2014). Exponential rela-
tionship between soil CO, efflux and soil temperature, soil CO,
efflux and soil moisture were analyzed by testing the linear regres-
sion of log transformed soil CO, efflux and the two variables. The
effects of fertilization and TR on seasonal measurements of soil
temperature and moisture were evaluated using linear mixed-
effects model. Post hoc contrasts (Tukey HSD) were used to value
interactive effects between fertilization and TR, fertilization and
T or TR and T. All error terms are standard error of the mean. All
statistical analysis were conducted in R version 3.1.1 (Team, 2010).

3. Results
3.1. Climate, soil temperature and soil moisture

The highest monthly precipitation was measured in July 2013
(21.6 cm) and the lowest monthly precipitation of 0.7 cm was mea-

sured in May 2013 (Fig. 1a). The highest air temperature (26.1 °C)
was measured in August 2013 followed by an August 2012 temper-
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Fig. 1. Air temperature and precipitation (a), 10 cm soil temperature (b) and soil
moisture (c) from May 2012 to October 2013. Air temperature and precipitation
measurement began in August 2012.

ature of 25.7 °C. The lowest air temperature was in January 2013
(6.4 °C).

Seasonal variation in soil temperature followed that of air tem-
perature, with the lowest soil temperature (6.5 °C) measured in
January 2013 (Fig. 1b). The highest soil temperature was in August
2012 (24.4 °C) followed by an August 2013 temperature of 24.0 °C.
A fertilization x time interaction indicated that the fertilization
treatments decreased soil temperature in January 2013 (0.40 °C,
P <0.001) and August 2013 (0.87 °C, P = 0.02) relative to the unfer-
tilized treatments (C,TR). There was a significant interaction
between TR and time such that TR and TR + F increased soil tem-
perature in January 2013 by 0.22 °C (P < 0.001) relative to the con-
trol and fertilized treatment.

Volumetric soil water (0-12 cm) content varied from 0.2 to
29.4%, with the highest soil moisture found in February 2013 and
the lowest in August 2013 (Fig. 1c). There was a significant F x TR
interaction such that fertilization only plots had increased soil
moisture (P<0.001), but F+TR plots decreased soil moisture
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(P =0.003). The fertilization main effect also interacted with time,
represented by soil moisture increases in February 2013 (20%,
P =0.006) and in May 2013 (38%, P < 0.001) relative to the unfertil-
ized treatments (C, TR). Although the main effect of the TR treat-
ment was not significant, it interacted with time, decreasing soil
moisture relative to the C and F treatments in October 2012
(22%, P=0.015), May 2013 (41% P<0.01), June 2013 (37%,
P <0.001), July 2013 (29%, P<0.001) and October 2013 (24%,
P =0.004).

3.2. Soil CO; efflux

On average, fertilization significantly decreased soil CO, efflux
rate 20% from 2.84 pmol CO, m2s™! to 2.28 umolm 25!
(P<0.001, Table 1, Fig. 2). Fertilization and time had an interactive
effect on soil CO, efflux because the separation between the fertil-
ized and unfertilized treatments disappeared when soil tempera-
tures were lower (P<0.001, Table 1, Fig. 2). Multiple
comparisons showed that fertilization significantly reduced soil
CO, efflux in August 2012 by 0.83 umolm2s~! (P=0.04) and
August 2013 by 1.36 pmolm=2s~' (P<0.01). TR and time also
had an interactive effect on soil CO, efflux (P<0.001, Table 1,
Fig. 2), which reflected that in August 2013 the TR treatment was
less than the control followed by a change in rank order for TR
and the Control after a period of rain (Fig. 1a).

Soil CO, efflux showed a seasonal pattern that strongly corre-
lated with soil temperature (r?=0.559, P<0.001, not shown)
across treatments. During the hottest times in August of 2012
and 2013, fertilization decreased soil CO, efflux by 20% and 47%,
respectively. Compared to temperature, across all treatments soil
moisture explained little variance in soil CO, efflux (r? = 0.097).

3.3. Wood decomposition

3.3.1. The ratio of tunneled wood

The number of wood sticks tunneled into by macroinverte-
brates significantly increased from 50 to 158 sticks from 216 days
to 426 days, or on average across treatments, from 13% to 54% of
the recovered sticks (Tables 2 and 3; P < 0.001). Fertilization signif-
icantly increased the ratio of tunneled wood after 426 days (Tables
2 and 3; P=0.007), and TR significantly decreased the ratio of
wood having tunnels (Tables 2 and 3; P = 0.008).

3.3.2. Individual wood stick decomposition

Both fertilization and TR treatments significantly affected
microbial only and microbial + macroinvertebrate decomposition,
but in different ways and there were no significant effects on
decomposition of the wood sticks attacked by macroinvertebrates.
Fertilization decreased D, (Fig. 3b, p < 0.001) but increased the D,

Table 1

Summary of linear mixed model results testingfixed effects of (fertilization (F),
Throughfall Reduction (TR), time and their combination) and random effect (collar
nested in each block) on soil CO, efflux.

Soil CO, efflux (umol m2s)

Jun Aug Oct Dec Feb Apr Jun Aug Oct
2012 2013

Fig. 2. Treatments effects on soil CO, efflux from May 2012 to October 2013.

Table 2

Summary of average number of recovered wood sticks with tunnels and the
percentage of tunneled wood in each plot by treatment at different collection times
for treatments (Fertilization (F), Throughfall Reduction (TR) and the combined
treatment).

Time Treatment Number of sticks with tunnels Tunneled sticks

(Days) (#) (%)

216 C 15 16
F 15 16
TR 8 9
F+TR 12 13

426 C 37 59
F 51 67
TR 25 32
F+TR 45 59

Table 3

Summary of P values (>Chi) from gener-
alized linear model (logistic regression)
testing the treatment and time effects on
macroinvertebrate’s attack ratio (degrees
of freedom equals 1 for all treatments) on
wood sticks for treatments (Fertilization
(F), Throughfall Reduction (TR) and the

decomposition (Fig. 3a, p = 0.047) (Table 4). Mean wood mass loss

interactions).

Treatment Tunneled sticks
Time <0.001

F 0.007

TR 0.008

F x TR 0.052

F x Time 0.174

TR x Time 0.535

F x TR x Time 0.647

Significant p-values (p<0.05) are in

bold.

Treatment Df Soil CO, efflux
N D

Soil Temperature 1 1136 <0.001
Soil moisture 1 1171 0.341
F 1 135 <0.001
TR 1 137 0.976
Time 9 1066 <0.001
F+ TR 1 137 0.148
F « Time 9 1048 <0.001
TR * Time 9 1050 <0.001
F % TR » Time 9 1047 0.054

Significant p-values (p < 0.05) are in bold.

from Dp.m was much higher in the fertilization treatment plots
(26% by March 2013 and 43% by October 2013) compared to con-
trol plots (18% by March and 39% by October), however, the effects
were not significant (Fig. 3¢, p = 0.686). TR reduced all stick decom-
position from 15% to 12% (Fig. 3a, p < 0.001) and microbial decom-
position from 3% to 2% (Fig. 3b, p <0.001) averaged over the two
collection periods.

Besides the main treatment effects, we also tested the location
effects on individual wood decomposition (Table 4, Fig. 4a-c).
Location of sticks (three distances to the tree and one within respi-
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ration collars) had significant effects on D,; (p<0.001), Dy,
(p<0.001), and Dy+m (p=0.006) (Table 4). Post hoc analysis
revealed that all three estimates indicated faster decomposition
closer to the tree than the other locations, especially during the last
time period. D,;; and Dy, in the respiration collars decomposed 33%
and 19% less compared to wood decomposition outside the collars.
Collars did not have an effect on Dy,,+r,. These results suggested that
tree distance had a negative effect on both microbial and macroin-
vertebrate decomposition while respiration collars had a negative
effect on microbial decomposition both alone and in combination
with macroinvertebrates. TR and location had a significant interac-
tion effect (P =0.020; Table 4). Post hoc analysis showed that all
sticks inside collars decomposed less compared to the location
nearest the tree (P =0.047) for the control plots (P=0.035) and
TR plots (P =0.012). While all wood decomposition in the middle

location was not different from near or far both in the control plot
and TR plot.

3.3.3. Plot level wood mass loss

For whole plot level wood mass loss, only the main effect of fer-
tilization significantly decreased mass loss by microbes (Table 5).
Fertilization tended to increase Dy,., decomposition, but not sig-
nificantly (P = 0.121). Similar to the carbon mass loss by each wood
stick, the negative effect of fertilization on plot’s carbon mass loss
for microbes only was overwhelmed by the macroinvertebrates’
effect, resulting in a non-significant trend toward more wood mass
loss under fertilization for all sticks (Fig. 5a). Time also interacted
with fertilization for sticks only decomposed by microbes (Table 5),
reflecting that the negative effect of fertilization was observed at
the 426 day collection (Fig. 5b).

3.4. Ammonium and nitrite concentration

Neither fertilization nor drought affected ammonium accumu-
lation (Table 6). However, ammonium accumulation decreased sig-
nificantly across dates (P < 0.001, Table 6, Fig. 6a).

Across all time periods, ammonium accumulation from August
2012 to December 2012 was significantly higher than the other
three intervals (P <0.001). Fertilization had a positive effect on
nitrate accumulation (P = 0.006, Table 6, Fig. 6b). Time also had a
significant impact on nitrate accumulation (P=0.002, Table 6)
and a multiple comparisons test showed that less nitrate accumu-
lated on the resin strips from March 2013 to June 2013 than what
accumulated from December 2012 to March 2013 (P = 0.006)

4. Discussion
4.1. Wood decomposition

Our study demonstrates that microbes and macroinvertebrates
may differ in how each responds to fertilization, and to a lesser
degree, reduced precipitation. Fertilization negatively affected
microbial decomposition but a positive response was observed
for tunnel excavation by macroinvertebrates. In the TR treatments
microbial decomposition was suppressed, but the decomposition
rate caused by the combined microbial + macroinvertebrate com-
munity was not affected even as the number of tunnels was sup-
pressed. This suggests that the extent of macroinvertebrate
foraging was inhibited by the TR treatment, but once a stick was
found, the rate of microbial + macroinvertebrate decomposition
was not different from the other treatments.

We cannot say definitively what macroinvertebrate was
responsible for the tunneling at this site because we did not per-
form continuous trapping and some beetle and ant species may
consume or excavate wood (Simild et al., 2003); however we pri-
marily found termites on sticks during both collections (Zhang per-
sonal observation). The subterranean termite Reticulitermes flavipes
(Kollar) was identified (B. Puckett, personal communication) in the
tunnels of a number of wood sticks from the last sample collection,
and the tunnels were generally consistent with termite feeding.
Recent research in the southeastern United States has identified
regional wood decomposition as being sensitive to termite activity
(Ulyshen and Wagner, 2013; Bradford et al., 2014) and our results
suggest that termite driven wood-decomposition may be sensitive
to fertilization and throughfall reduction.

Macroinvertebrate contributions to wood decomposition have
been ignored in many past studies (Frouz et al., 2015), and there
is a general lack of information on how fertilization affects this
decomposer community. Similar to our findings of a positive fertil-
ization effect on macroinvertebrates, Zida et al. (2011) found that
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Summary of mixed model analysis of decomposition of all wood sticks, microbial (without tunnels) and microbial plus macroinvertebrates (with tunnels) with individual sticks as
the replicate Treatments include Fertilization (F); Throughfall Reduction (TR); Location (L); and Time.

Treatment df All sticks df Microbial Df Microbial & macroinvertebrates
N D D D

F 1 332 0.047 348 <0.001 170 0.686
TR 1 333 <0.001 348 <0.001 171 0.493
L 3 331 <0.001 340 <0.001 170 0.006
Time 1 322 <0.001 287 <0.001 171 <0.001
F x TR 1 337 0313 348 0.570 171 0.981
FxL 3 331 0.956 340 0.827 170 0.906
F x Time 1 323 0.224 287 0.012 171 0.775
TRx L 3 323 0.020 340 0.624 171 0.063
TR x Time 1 322 0.047 287 0.019 170 0.874
L x Time 3 322 0.002 280 <0.001 170 0.477
FxTR xL 3 332 0.734 340 0.125 171 0.833
F x TR x Time 1 322 0.349 287 0.460 171 0.611
F x L x Time 3 322 0.049 280 0.691 171 0.705
TR x L x Time 3 322 0.227 280 0.246 171 0.122
F x TR x L x Time 3 322 0.642 280 0.298 171 0.960

Significant p-values (p < 0.05) are in bold.

in a West African cropland, N addition increased termite abun-
dance from 101 individuals m~2 to 272 individuals m~2. In con-
trast, Gan et al. (2013) found for a temperate forest that
macroinvertebrate numbers were suppressed by N fertilization at
rates that simulated atmospheric N deposition. In general, the lit-
erature on macroinvertebrates is heavily dominated by N fertiliza-
tion studies focused on atmospheric N deposition. In our study,
fertilization included other macronutrients (P, K, S) and micronu-
trients (Mn, Cu, B, Zn) that could also affect macroinvertebrates
or microbial decomposition processes, limiting direct comparabil-
ity but indicating a need for more research, particularly on nutri-
ents other than N. Given that multi-element fertilization is
common in pine plantations (Fox et al., 2007), modeling decompo-
sition in these managed ecosystems likely requires a detailed
understanding of interactions among decomposer communities
and multiple elements.

Similar to our results, previous studies found negative effects of
fertilization on wood decomposition where microbial decomposi-
tion dominated (Knorr et al., 2005, Hobbie, 2008). The microbial
N mining theory has been used to explain these results
(Moorhead and Sinsabaugh, 2006), where increased nutrient avail-
ability decreases decomposition rates because mining recalcitrant
substrates for N requires high energy input from soil microbes.
We observed much higher NO3 after fertilization likely because
under relatively high N availability and low vegetation cover, plant
competition for NH; is lower and microbes increase nitrification
rates (Schimel and Bennett, 2004), suggesting excess N was found
in the soil. Sinsabaugh (2010) concluded that decomposition of
substrate with lignocellulose index higher than 0.4 tends to be
inhibited by N addition, although counter-examples have been
reported (c.f. Hobbie, 2008). With the lignocellulose index of
loblolly pine wood generally being above 0.4 (Tuskan et al,
1999), this wood attribute and the N-mining theory may in our
study explain the negative effect of fertilization on microbial wood
decomposition.

The TR effect on macroinvertebrate tunnels suggested that
macroinvertebrate activity and foraging behavior were differently
affected by this treatment. No previous studies of wood decompo-
sition in temperate forests exist for a throughfall manipulation
treatment, but observational studies suggest varying effects of pre-
cipitation on macroinvertebrates. Torres and Gonzalez (2005)
found macroinvertebrates (termites as the most important wood
decomposer) decayed more logs in a tropical dry forest compared
to a tropical wet forest, and the tropical dry forest was associated
with greater numbers of microbial functional groups and a diverse

group of wood decomposers. In contrast, Jamali et al. (2011) found
termite biomass and a mound’s activity was higher in wet season
compared to dry season in tropical savannas. They assumed that
climate had no effect on forage activity per termite, but rather
affected overall termite biomass. In our study, macroinvertebrate
activity was reduced by decreased precipitation inputs, as evi-
denced by the tunneling results (Table 2), although the wood mass
loss of Dy+m Was not significant for the individual sticks (Table 4).
Tunnel presence likely reflects macroinvertebrate activity, popula-
tion size, and foraging behavior, all of which are poorly understood
(Ulyshen, 2014). For foraging behavior alone, termites and other
macroinvertebrates can be affected by vegetation cover (Jones
et al.,, 1987), predators (Ulyshen, 2014), temperature and precipita-
tion (Haverty and Nutting, 1976), and topography (Crist, 1998).

4.2. Soil CO; efflux

The main effect of TR on soil CO, efflux was not significant,
rather the treatment only occasionally decreased soil CO, efflux
and surface soil moisture. In contrast, Borken et al. (2006) found
precipitation exclusion depressed CO, efflux from the forest floor
in a temperate deciduous forest during co-occurring droughts,
but also noted that surface mineral soil moisture was not affected
by the treatment. In our study, TR treatment did significantly
reduce stand growth (Will et al., 2015), but the significant interac-
tions for soil moisture (Fig. 1c) and soil CO, efflux (Fig. 2) occurred
on different dates. Indeed for the last measurement, the TR treat-
ment soil CO, efflux was greater than the control (Fig. 2). For a
number of reasons, mixed results are common for moisture effects
on soil CO, efflux. First soil temperature generally dominates abi-
otic effects on soil CO, efflux (Boone et al., 1998) and temperature
is generally negatively correlated with moisture, resulting in mois-
ture effects being a relatively small residual of temperature effects
that are increasing as moisture decreases. Second, soil moisture
effects are often nonlinear and have characteristics of a threshold
response (Borken et al., 2006), and soils or ecosystems may have
different thresholds. Nonetheless, even directly under the TR
troughs there was little evidence of consistent soil CO, efflux sup-
pression because of moisture limitations. For example, all of the
respiration collars were randomly placed throughout the plot and
20% (13 of 64) of them exactly fell under the water exclusion
troughs. Additional analysis of soil CO, efflux of the collars under
excluders showed no difference from the collars not under exclud-
ers (P=0.62) or partially under the excluders (P=0.95) (not
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Table 5

Summary of three-way ANOVA for treatment effects testing for all sticks, microbial
(without tunnels) and microbial plus macroinvertebrates (with tunnels) decompo-
sition with the summed plot of wood as the response variable of tests of fertilization
(F), throughfall (TR), and time and their combination. Degrees of freedom numerator
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T

T

Oct-2013

Summary of p values from two-way ANOVA analysis of ammonium and nitrate
accumulation (degree of freedom is 1 for all treatments) for tests of fertilization (F),

equals 7 for all treatments. Throughfall Reduction (TR), and time and their combination.
Treatment All sticks Microbial Microbial & macroinvertebrates Treatment Ammonium Nitrate
F 0.178 0.007 0.121 F 0.492 0.006
TR 0.106 0.348 0.294 TR 0.378 0.706
Time <0.001 0.124 <0.001 Time <0.001 0.002
F x TR 0.423 0.939 0.166 F x TR 0.392 0.713
F x Time 0.794 0.024 0.917 F x Time 0.706 0.002
TR x Time 0.289 0.420 0.282 TR x Time 0.648 0.948
F x TR x Time 0.908 0.967 0.783 F x TR x Time 0.644 0.948

Significant p-values (p < 0.05) are in bold.

Significant p-values (p < 0.05) are in bold.
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when wood decomposition collections (216 day and 426 day) and resins experi-
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2012.

shown). Thus, we may conclude that there was neither a direct nor
indirect TR shelter effect on soil CO, efflux.

The result that fertilization inhibited soil CO, efflux was consis-
tent with our hypothesis and agrees with other studies conducted
in temperate forests (Olsson et al., 2005; Phillips and Fahey, 2007)
and tropical forests (Giardina et al., 2003). Fertilization has
decreased root respiration and soil CO, efflux in loblolly pine plan-
tations but not heterotrophic respiration (Maier and Kress, 2000).
In contrast, our results for the pine wood sticks suggests that
microbial respiration was inhibited, which would agree with
Gough and Seiler (2004) who found fertilization suppressed micro-
bial respiration, and other studies where enzyme activity was
inhibited by N fertilization (Franklin et al., 2003; Olsson et al.,
2005). Fertilization also decreased soil temperatures (Fig. 1a), and
as a result both heterotrophic and autotrophic respiration could
have been less because of the cooler soil temperatures (Boone
et al., 1998). These results seem to suggest C loss from soil and
detrital pools will be reduced from a fertilized plantation, but the
potential for changes in root allocation and effects of macroinver-
tebrates on decomposition are large enough that fertilization
effects on litter and soil C requires further study.

4.3. Spatial variation of wood decomposition
The wood sticks nearest the tree decomposed faster than those

farthest from the rows of planted trees, regardless of the decom-
poser type. There are likely both biotic and abiotic reasons for

why there was higher decomposition around the tree. Plantations
concentrate net primary productivity in rows, which may then
concentrate the activity of macroinvertebrates and microbes,
potentially leading to ‘priming’ effects, or microbial and enzymatic
activity that further stimulates decomposition (Kuzyakov et al.,
2007). Moreover early site preparation and planting often turns
the soil near the planted row and concentrates detritus; processes
that could also stimulate or concentrate saprotrophs. It is also pos-
sible that the environmental conditions (soil temperature and
moisture) near trees were beneficial, generally, to decomposer
communities. Environmental factors including soil moisture and
soil temperature are affected by the forest canopy (Forrester
et al., 2012), with open areas being warmer than under canopy
areas (Prescott, 2002; Forrester et al., 2012) and surface moisture
varying with time since last rainfall, interception and radiation
balance.

4.4. Method Implications

We placed wood substrates inside the soil CO, efflux collars
because around the time this study started, other researchers in
the southeastern United States’ were noting a significant role of
macroinvertebrates in wood decomposition (M. Jurgensen, per-
sonal communication) and we predicted the efflux collars might
affect foraging behavior. However, only the wood affected by
microbes and the all sticks exhibited slower decomposition inside
compared to outside the soil CO, efflux collars. This result suggests
that the microbial community’s composition or activity was
altered by the presence of the soil collar barrier. We are aware of
no other studies that have tested the effect of soil collars on wood
decomposition, and the obvious implication is that soil CO, efflux
may be underestimated. However the efflux of CO, from coarse
woody debris decomposition at the soil surface would be much
less than that of roots (Gough and Seiler, 2004) and heterotrophic
respiration from soil organic matter (Vogel et al., 2015), and we
have no evidence that the decomposition of other litter fractions
or soil organic matter was affected by the collars.

Our results suggest that decomposition assessment methods
that exclude macroinvertebrates (e.g. mesh bags) would not accu-
rately estimate potential wood decomposition in these ecosystems.
Macroinvertebrate exclusion has altered the decomposition in
many previous studies focused on litter (Frouz et al., 2015). Deter-
mining the interrelationships among organisms will require care-
ful study designs, as complex interactions can occur among
multiple macroinvertebrate types and microbial communities.
For example, termite and fungal decomposition of wood were both
reported to be inhibited by the presence of ants (Warren Il and
Bradford, 2012). Anecdotally, we observed greater numbers of fire
ants (Solenopsis spp.) in the plots within one block, which may be
the reason for this block’s lower amount of wood decomposition
by macroinvertebrates and lower overall decomposition. In these
pine plantations, study designs likely need to allow the interaction
of all wood consumers and their predators to predict wood decom-
position’s response to climate change or forest management.

5. Conclusions

The decomposition of wood and the cycling of C through soil are
critical to the C balance of plantations. Management practices and
climate will likely interact and alter these processes by modifying
the function of decomposer groups. The results from this research
suggest that fertilization slows wood decomposition by microbes
while increasing wood foraging by macroinvertebrates. Soil CO,
efflux was suppressed by fertilization. In turn, throughfall reduc-
tion reduced the foraging of macroinvertebrates on wood and sup-
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pressed microbial decomposition, while CO, efflux showed little
consistent response to this treatment. Models predicting climate
and management effects on the cycling of woody debris may be
needed that account for these divergent community responses
and the unique characteristics of pine plantations, where diverse
fertilization mixtures and the spatial distribution of productivity
and detritus may affect decomposition processes and soil CO,
efflux in ways that make these processes deviate from global or
regional trends.
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