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Litter extraction (LE) is a common practice in many forests of the world.
This process can cause long-term depletion of C substrates, thereby
affecting ecosystem balances. The effects of LE on soil properties such as
soil respiration (R), soil water content (8), soil temperature (7), microbial
activity, and dissolved organic C (DOC) are not well understood in various
forests ecosystems. We investigated the short and medium-term effects of LE
on these soil properties in a sclerophyll forest of central Chile. A completely
randomized block design was set with three blocks and two treatments,
i.e., a control (no LE) and LE totaling six 10- by 10-m plots. The R, 6, and T
were determined immediately after LE and then at Days 4, 12, 16, and 20.
The same properties were determined in the medium term (between Days
448-853). Soil organic C (SOC), basal respiration (C_;,), microbial biomass
C (Gy;o), and microbial (qCO,, gMic) and mineralization (qMin) quotients
were determined at Day 711 after LE from soil cores obtained at depths
intervals of 0 to 3, 3 to 6, and 6 to 9 cm. Soil pore water was extracted from
suction lysimeters during the rainfall season of 2011 and analyzed for DOC,
specific ultraviolet absorbance, the ratio between the absorbance at 465 and
665 nm in water extracts, and electric conductivity. Litter extraction caused
large reductions in R, in the short term (33%) and smaller reductions in the
medium term (21.2%). In addition to the effect of LE, R, was governed by
6. The SOC, C,,;,» 9CO,, gMic, and gMin were unaffected by LE, but DOC
significantly decreased with LE by 59.6% (10-cm depth) and 48.8% (30-cm
depth). The DOC was comprised of aromatic-rich, low- molecular-weight
compounds in both treatments.

Abbreviations: DOC, dissolved organic carbon; EC_, pore water electrical conductivity;
LE, litter extraction; SOC, soil organic carbon; SOM, soil organic matter; SUVA, specific
ultraviolet absorbance.

orest litter is the interface between the aboveground plant biomass and
the soil, representing an important C storage compartment (Raich and
Nadelhoffer, 1989; Reynolds and Hunter, 2001; Berg and McClaugherty,
2008). Additionally, forest litter creates a protective layer on the topsoil
that regulates the soil climate (Sayer, 2006; Berg and McClaugherty, 2008).
Anthropogenic disturbances such as forest harvesting or fires alter the forest
floor, creating a new soil chemical environment and new microclimatic condi-
tions that finally affect microbial populations and thereby soil processes such
as respiration (RS), mineralization of organic substrates, and synthesis of new
organic compounds such as DOC.
The soil microbial biomass (Cy; ) is an important component of forest eco-
systems, regulating plant litter decomposition and consequently acting as both
a source and a sink for nutrients (Wardle, 1993; Thirukkumaran and Parkinson,

2000). The microbial processes of mineralization and immobilization, in which
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Ch;o 1s a key factor, affect nutrient availability and consequent-
ly forest productivity (Taylor et al., 1999). The soil microbial
biomass is also considered a sensitive indicator of organic mat-
ter dynamics (Hu et al., 2006). Microbe-related parameters
such as the ratio between CO,-C evolution (C; ) and Cp,
(the qCO, quotient) or the ratio between Cy; and SOC (the
gMic quotient) have been widely used as quantitative indicators
of microbial efficiency and C dynamics (Putasso et al., 2010).
Moreover, these microbial quotients can be indicators of the
recalcitrance or availability to soil microorganisms of substrate
organic compounds (Moscatelli et al., 2005; Hu et al., 2006).

In the last decades, R_has been considered one of the main
fluxes of C in terrestrial ecosystems. Approximately 70% of the
CO, exchanged between forest ecosystems and the atmosphere
comes from the soil (Raich and Schlesinger, 1992; Raich and
Potter, 1995; Luo and Zhou, 2006). The release of CO, from
the soil to the atmosphere depends on both root (autotrophic)
and microbial (heterotrophic) respiration. The latter process is
mainly associated with plant litter decomposition and the min-
eralization of soil organic matter (SOM) (Hanson et al., 2000).
Environmental factors, such as temperature and water availabil-
ity, regulate the contribution of autotrophs and heterotrophs
to R at spatial and temporal scales (Hanson et al., 2000; Raich
and Tufekcioglu, 2000). Seasonal variations in R_ are mainly
associated with changes in soil temperature and soil water con-
tent (Han et al., 2007). Both properties affect soil microbial
activity, organic matter decomposition, root growth, and plant
productivity (Wiseman and Seiler, 2004; Jabro et al., 2008). In
temperate forests, about 50 to 60% of R, is due to the meta-
bolic activity of roots and associated mycorrhizae. The remain-
ing fraction (40-50%) is generated by the activity of microbial
populations that decompose plant debris and SOM (Hanson et
al., 2000; Rey et al., 2002; Epron et al., 2004). Thus, the quality
and quantity of plant litter and the resulting soil organic matter
constitutes an important mechanism controlling R, (Epron et
al., 2004; Khomik et al., 2006). Plant litter removal can reduce
soil respiration by about 25% (Luo and Zhou, 2006) and up to
33% if litter and more decomposed organic layers such as the
Oi and Oa horizons are extracted (Saiz et al., 2007). In quan-
titative terms, R is regulated by microclimatic variables such
as air temperature, wind speed, and several soil processes and
properties such as the CO, production rate, soil-atmosphere
CO, gradient, pore size distribution (Jabro et al., 2008), soil
temperature, soil water content () (Raich and Schlesinger,
1992), N availability (Madritch and Hunter, 2003), cation
exchange capacity, soil acidity (Borken et al., 2002), and Chio
(Buchmann, 2000).

Dissolved fractions of soil organic matter play an impor-
tant role in the movement of C, N, and P from litter to soil
(Neff and Asner, 2001; Cleveland et al., 2001), complexation
of metal cations in solution (Weng et al., 2002; Antoniadis and
Alloway, 2002), increases in the rate of weathering of minerals
(Lundstrom and Ohman, 1990; Neff and Asner, 2001), min-
cral-organic adsorption reactions (Kothawala et al., 2008), and

as a substrate for microbial growth (Smolander and Kitunen,
2002; Neff and Asner, 2001). One of the most important frac-
tions of dissolved organic matter is DOC (Weishaar et al., 2003),
which is defined as the organic C that passes through a nonreac-
tive, 0.45-pm filter (Kolka et al., 2008). The primary source of
DOC is plant litter because an important fraction of it is highly
soluble and able to move into the soil with rainfall. Additional
controls on this eluviation—illuviation process are environmental
factors such as temperature, soil water content, and the action
of microorganisms (Zsolnay, 2003; Cleveland et al., 2001). The
concentration and biochemical properties of DOC have been
evaluated for land use changes (Kalbitz et al., 1999; Kalbitz,
2001), anthropogenic soil acidification (Zech et al., 1994), and
N deposition (Magill and Aber, 2000), as well as under differ-
ent soil conditions, forest types, and plant tissues (Moore and
Dalva, 2001; Glatzel et al., 2003; Ghani et al,, 2010). The ef-
fect of litter on DOC has also been studied under field condi-
tions where DOC inputs from fresh litter have been evaluated
in terms of their interaction with the soil matrix (Fréberg et al.,
2007). Controlled laboratory experiments have also contributed
to our understanding of the relationship between litter quality
and DOC characteristics (Magill and Aber, 2000; Bourbonniere
and Creed, 2006). The DOC flux is small compared with other
C ecosystem fluxes, but it plays an important role in litter and
organic horizon C balances and contributes to in-depth soil pro-
cesses linked to SOC (Kolka et al., 2008).

Litter extraction for animal bedding was commonly
practiced in Europe (Sayer, 2006). In other countries, lit-
ter extraction is still a common practice, where plant litter
is used as garden mulch (United States) or as a fuel source
(China) (Sayer, 2006). The main effects of this practice on
soils were summarized in the work of Sayer (2006), who
indicated that litter removal causes increased bulk density,
enhanced runoff erosion, nutrient depletion, alterations in
microbial communities, decreases in R, temperature fluc-
tuations, and lower soil water contents during dry periods.
In sclerophyll (woody plants with small leathery evergreen
leaves) forests of central Chile, litter removal is related to the
use of plant litter as a secedbed in gardens. This old and fre-
quent practice has contributed to the degradation of these
ecosystems. However, studies regarding the direct effect of
litter removal on soil properties do not exist for this type of
forest ecosystem. We hypothesized that, in the short and me-
dium terms, plant litter extraction decreases soil respiration
and microbial biomass, and changes the quantity and quality
of DOC as a consequence of changes in soil water content,
temperature, and the depletion of SOC substrates. The aim
of this study was to evaluate the short- and medium-term ef-
fects of litter extraction (i.e., the first 24 d and after 448 d)
on Cy; and associated biological indicators, available frac-
tions of N, P, and K, SOC, in situ R, soil temperature and 0,
as well as the concentration and quality of DOC in a sclero-

phyll forest of central Chile.
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MATERIALS AND METHODS
Study Area and Site Description

The study area is located in central Chile (34°7/36” S,
71°11'18" W, 247 m asl), near the city of Santiago (Fig. 1), and
is part of an ongoing research project to investigate the quality
and fluxes of SOC as affected by anthropogenic perturbations
of sclerophyll vegetation. The climate is Mediterranean, with
a mean annual precipitation of 503 mm and maximum and
minimum annual air temperatures of 29 and 3°C, respectively
(Corporacién Nacional Forestal, 2008). The study site is located
in a toe slope position (<4% slope) and represents a typical ex-
ample of the natural vegetation of the region. The site has fewer
anthropogenic disturbances than similar ecosystems of the re-
gion (ie., firewood extraction and forest fires occurred around
50 yr ago), with a natural flora comprised of peumo [ Cryptocarya
alba (Molina) Looser], quillay (Quillaja saponaria Molina), bol-
do (Peumus boldus Molina), and litre [ Lithraea caustica (Molina)
Hook. & Arn.]. Annual litter inputs from the canopy to the soil
are 314 4 30 g (dry weight) m =2 yr~ L. Total C and N concentra-
tions (% w/w) in the Oi horizon are 49.86 + 1.25 and 0.86 +
0.08, respectively. The Oc horizon has C and N contents of 33.56
=+ 5.49 and 1.22 =+ 0.27%, respectively. A summary of the main
stand characteristics of the site as well as some chemical charac-
teristics of the litter layers are given in Tables 1 and 2. The soil is
classified in the Pachic Humixerepts subgroup and has developed
from alluvial granitic deposits, with the particle size distribution
dominated by the sand fraction. It has well-developed organic
horizons (Oi, Oe, and Oa) on the surface and an A horizon rich

in humified SOM.

Experimental Setup

Measurements were taken from six 10- by 10-m plots ar-
ranged in a complete randomized block design. There were
three blocks representing lower, middle,
and upper slopes within the forest stand
(Table 1). Blocks were about 10 m apart

following a small slope gradient of <4%.
South America

Within each block, one plot was a control
(C) and one plot had the litter removed
(LE). At each plot, six cylinders (polyvinyl
chloride [PVC], 10-cm internal diameter,
8-cm length) were randomly installed. The
cylinders were inserted manually into the
soil to a depth of 6 cm, avoiding major soil
and organic layer disturbances. One week
after insertion of the collars, soil litter lay-
ers (Oi and part of the Oe + Oa horizons)
were raked from the LE treatment. For the
inner sectional area of the cylinders under
the LE treatment, the litter was manually
removed. The LE treatment was equivalent
to an average extraction (£1 SD) of 0.92
4+ 0.11 and 1.44 £ 0.14 kg dry mass m~>

of the Oi and O¢ + Oa horizons, respectively. All cylinders were
left undisturbed throughout the experiment.

In Situ Determination of Soil Biological and
Physical Properties

Soil respiration (R, g CO, m~2 h™!) and volumetric soil
water content (0, m® m~3) in the top 6.5-cm depth and soil tem-
perature (°C) at the soil surface (7}) and at depths of 6.5 (7 5)
and 10 em (77} ) were measured immediately after the extraction
of the organic layers (1 Oct. 2009, Day 1) and then at Days 4, 12,
16, and 20 after litter extraction. In the medium term, R o 0, T o
T4 s, and T were measured at Days 448 (December 2010) and
552, 608, and 672 (April, June, and August 2011, respectively),
and 853 (February 2012) after litcer extraction. Soil respiration
was measured in each cylinder using a portable, closed chamber
(Model SRC-1, PP systems; 10-cm diameter and 15-cm height)
connected to an infrared gas analyzer (Model EGM-4, PP
Systems; measurement range 0—2000 pmol mol™1). Volumetric
soil water content in the top 6.5 cm of soil was determined with
a portable capacitance sensor (Sensor Model WET-2, Delta-T
Devices; 500-cm? sample volume) connected to a datalogger
(HH2 moisture meter, Delta-T Devices). This sensor also in-
cludes a temperature probe, allowing instant soil temperature
determinations at the 6.5-cm depth. In addition, the soil permit-
tivity and temperature data obtained by the sensor were used for
numerical calculation of the soil pore water conductivity (ECP,
mS m~!; Delta-T Devices, 2005). Soil temperature at a depth
of 10 cm was measured using a portable digital thermometer
(Checktemp 1, Hanna Instruments). The surface soil tempera-
ture was also measured with a portable infrared thermometer (IR
Wide Range Non-Contact Thermometer, Extech Instruments),
immediately after each measurement of R_. Soil water content
and soil temperature readings were made between 10 and 20 cm

7 :’W 70°W

opolitan Region of Chile

33°S

/ Study area

Fig. 1. Location of the study site in central Chile.
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Table 1. Dominant tree species, biometric characteristics of the forest stand, and chemical

properties of the Oi horizon according to tree species.

of 25 g (equivalent dry weight) per
core replicate was placed in a ma-

Property Cryptocarya  Peumus Quillaja Lithraea |\ o b qials SOD jar (1000 cm?3) with one vial
alba boldus saponaria caustica .. —1

] T containing 10 mL of 1 mol L
Bésa area, m= ha . 6.78 2292t 535+2.22 132+1.75 0.84+£0.97 14.28 +4.56 NaOH and another vial with

Diameter at breast height, cm 12 +1.45 4.7 +0.75 2497 +£8.51 8.02+4.29 6.51+1.39 ..

. 10 mL of deionized water. After

Mean height, m BAG£599 4954082 78817 533153 5064087 € the vidde, che
Stand density, no. ha™! 508 £357 19084902 25427 1584204 2600 +£978 D ocCmEnt of the vials, the jars
Leaf area index#, m2 m2 1884019  Were sealed and stored at 23°C
Ground covert, m? m2 054+ 003 for 10 d. The soil was incubated

t Means of three replicate study plots + SD.

¥ Leaf area index and ground cover determined by hemispherical picture analysis.

away from the collars, avoiding the alteration of litter and soil
inside them.

Soil Sampling and Laboratory Determination of
Soil Chemical and Biological Properties

Soil samples were extracted using a hammer-driven soil
core sampler (Soilmoisture Equipment Corp.). Soil cores
(5.4-cm diam.) were extracted at a distance of 30 to 40 cm
from each PVC cylinder and at depth intervals of 0 to 3, 3 to
6, and 6 to 9 cm. The cores were obtained during Days 4, 12,
24, and 711 (9 Sept. 2011) after litter extraction. Soil samples
were stored at 4°C (maximum of 4 d) until laboratory analy-
ses were performed. Soil pH, available N, P, and K, and SOC
were determined from these soil cores in both the control and
LE treatments. Soil chemical properties were evaluated accord-
ing to the recommended methods of analysis for Chilean soils
(Sadzawka et al., 2004). Briefly, SOC was determined by wet
combustion and colorimetric determination of the reduced
chromate. Available N (N ) was determined by KCI extrac-
tion, steam distillation, and posterior determination of NH;
by titration. Available P (P ),.,) was determined by extraction
with 0.5 mol L1 NaHCOj at pH 8.5 and posterior colorimet-
ric determination. Available K (K, ) was determined by extrac-
tion with 1 mol L1 NH,OAc at pH 7.0 and posterior deter-

at 60% of the water retention at
33 kPa, which was determined in
soil samples obtained at 0- to 3-, 3-
to 6-, and 6- to 9-cm depth intervals. Samples were slowly satu-
rated from the bottom with degassed tap water and then equili-
brated for 96 h at —33 kPa matric potential in a pressure plate
extractor (Soil Moisture Equipment Corp.) equipped witha 0.1-
MPa ceramic plate. Average soil water retentions at —33 kPa were
0.43 4+ 0.03, 0.25 £ 0.01, and 0.20 & 0.01 (kg kg™ ! dry soil) for
the 0- to 3-, 3- to 6-, and 6- to 9-cm depth intervals, respectively.

Each replicate consisted of a fumigated and an unfumigated
subsample. The value of C, (kg C kg~ !soil) was calculated as
(Horwath and Paul, 1994)

_C,-0.22C,,
£

C

1]

bio

where C; (kg CO,-C kg1 soil) is the CO,-C produced from a
chloroform-fumigated sample, C, . (kg CO,-C kg1 soil) is the
CO,-C produced from an unfumigated (control) sample, and £ :
is the fraction of Cy;  that is mineralized to CO,. The value of k_
is considered a constant equal to 0.41 (Horwath and Paul, 1994).
Following the recommendations of Smith et al. (1995), we used
22% of the measured value of C_; for our calculations.

With the data for SOC, Crin and Chior the soil ecologi-
cal indicators microbial metabolic quotient (qCO,), microbial

quotient (qQMic), and mineralization quotient (qQMin) were cal-

mination by atomic absorption spectrophotometry. culated as
Microbial biomass C was estimated in soil samples obtained v
in September 2011 (Day 711 after litter extraction) by the chlo- qCO,=—== (2]

roform fumigation method (Horwath and Paul, 1994). A total

bio

C
. . . . . . Mic=—2
Table 2. Chemical properties of different leaf species collected from the Oi horizon. TTSoc (3]
Propertyt Cryptocarya alba ~ Peumus boldus  Quillaja saponaria  Lithraea caustica

Lignin, % 20.64 10.71 19.47 31.60 qMin=_28 (4]
Cellulose, % 19.15 30.40 11.03 18.37
Hemicellulose, % 10.96 3.67 9.72 10.34 Values of Cbio were Cxprcsscd
C % 52.23 38.83 52.25 54.35 in milligrams C per kilogram soil;
N, % 0.61 0.63 0.51 0.77 . 1 .

C.;, in milligrams CO,-C per ki-
P, % 0.09 0.07 0.05 0.08 . .

logram soil per hour; qCO, in grams
K, % 0.64 0.46 0.93 0.79 CO._C il C h
Ca, % 2.05 2.00 2.65 134 27 per RIOgram L, per outs
Mg, % 0.20 016 0.47 0.19 gMic as a percentage by weight; and

t Lignin, cellulose, and hemicellulose determined by the acid-detergent fiber method (Van Soest, 1963); C
and N contents determined by dry combustion (Dumas); P determined by dry combustion at 500°C and
posterior colorimetry of the H;PO, formed with vanadium molybdate; K, Ca, and Mg determined by dry
combustion at 500°C and posterior analysis by atomic absorption spectroscopy.

gMin in grams CO,—C per kilogram
SOC per hour x 10.
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Lysimeter-Extracted Soil-Pore Water Properties

At each plot, two suction lysimeters (Models 1900L06-
B02M2 and 1900L12-B02M2, Soilmoisture Equipment Corp.)
were randomly installed at depths of 10 and 30 cm in the spring
of 2010. Each lysimeter (4.8-cm external diameter) was inserted
in a 5-cm-diameter hole that was covered at the bottom with a
0.5-cm-thick layer of glass beads. This layer allowed a good soil—
ceramic cup hydraulic contact. Potential preferential flow in the
contact zone between the lysimeter tube and the soil was avoided
with a polyethylene ring placed at the top of each lysimeter on
the soil surface. No water was sampled during the first rainfall
season (2010), avoiding the effects of disturbances caused by ly-
simeter installation.

The soil pore water was extracted during the rainfall season
of 2011 (7 July; 4 and 23 August; and 2, 8, and 13 September:
Days 643, 671, 684, 690, 700, 706, 711 after litter extraction)
using 50-mL soil water samplers (Model 1900K2 extraction kit,
Soil Moisture Equipment Corp.). The rainfall amounts and dis-
tribution during the experimental setup (2010) and monitoring
(2011) were representative of the climate of the area. Water sam-
pling was done around 15 h after each precipitation event. Water
samples were immediately stored in amber, 100-mL, polyethylene
terephthalate bottles, kept on ice during transport, and refriger-
ated until laboratory analysis. Each soil water sample was passed
through a 0.45-pm glass filter and analyzed for DOC using a
total organic C analyzer (Shimadzu TOC-5000A). The reactiv-
ity of DOC was evaluated by the specific ultraviolet absorbance
(SUVA), which corresponds to the ratio between the absorbance
at 254 nm (m~!) and the DOC concentration (mg C L~1). This
parameter is considered an average absorptivity for all the mol-
ecules of the DOC contained in a water sample and has been used
as an alternative measurement for DOC aromaticity (Weishaar
et al., 2003; Wickland et al., 2007). In addition, the absorbance
at 465 and 665 nm was determined to calculate the E,/E ratio,
which has been related to the particle size characteristics of humic
substances. This ratio can be an indirect indicator of the molecular
weight of organic compounds contained in a water sample (Chen
etal,, 1977). The absorbance at 254, 465, and 665 nm was deter-
mined in each filtered sample using a UV-VIS spectrophotometer
(Rayleigh Model UV-1601) and a 1-cm path length quartz cell.
Deionized water was used as a blank. The electric conductivity
of the filtered water extracts was determined with a conductivity
meter (Schott Gerite GmbH, Model CG 853).

Data Analysis

All the analyses were undertaken using R (Version 2.15, R
Development Core Team, 2010; www.r-project.org/). All non-
statistical independent replicates (pseudo-replicate measure-
ments) were averaged to yield one value per plot at each sam-
pling date. Variables were tested for normality and homogene-
ity of variance, and transformations were made as necessary to
meet the underlying statistical assumptions of the models used.
Repeated measures analysis of variance was performed to test the

main and interactive effects of litter extraction and sampling date

(or soil depth) on soil chemical and biological properties. When
significant differences were found, we used adjusted P values to
control the familywise error rate using Bonferroni’s test. Analysis
of covariance was used to test whether slopes and intercepts of
the linear relationships between R and 6 were significantly dif-

ferent between the control and the LE treatment.

RESULTS AND DISCUSSION
Soil Respiration, Water Content, and Temperature

Soil respiration was significantly affected by the main effect
of litter extraction (P < 0.001), time (P < 0.001), and the litter
extraction X time interaction (P < 0.001). This shows that R
was greater in the control than the LE treatment and that such
effect was attenuated from the short to the medium term. From
Days 4 to 20, soil LE reduced R, from an average (£1 SE, » =
15) 0.63 % 0.02 in the control to 0.42 & 0.04 g CO, m* h™!
in the LE treatment (Fig. 2). From Days 448 to 853, LE re-
duced R, from (£1 SE, » = 15) 0.31 & 0.05 in the control to
0.24 £ 0.03 g CO, m2 h™!in the LE treatment. These 33.3%
(short-term) and 21.2% (medium-term) average R losses are in
the range (20-40% decrease) also reported for other forest eco-
systems (Buchmann, 2000; Vasconcelos et al., 2004; Saiz et al.,
2007; Sayer et al., 2007) and can be attributed to the depletion
of readily decomposable C substrates of the litter layers (Sayer et
al., 2007; Wenjie et al., 2008).

In addition to the effect of substrate availability on soil
respiration, values of R with time (considering the short- and
medium-term data) were analyzed in terms of their correla-
tion with 0 and 7 5. Variations in R were mainly explained
by 0 (» = 0.75, P < 0.001) followed by 75 (r = =0.30, P <
0.012). A high correlation between R and 0 has been previ-
ously reported for semiarid and Mediterranean ecosystems in
which 0 was considered the critical environmental determinant
(Conant et al., 2004; Rey et al., 2011). Analysis of covariance
showed that slopes (P < 0.001) and intercepts (P < 0.001) of
the linear relationship between R_ and 0 were significantly dif-
ferent between the LE and control treatments. Thus, we fitted
individual models for the LE and control treatments. When R,
was correlated to 0 and 7 s, the latter became nonsignificant (P
= 0.10), and therefore we present the simpler version (Fig. 3).
In Mediterranean ecosystems, the correlation between R, and
the combination of the effects of soil temperature and 6 can be
closely associated; however, some of the studies in these ecosys-
tems have also indicated that the best predictions of R are ob-
tained with 0 alone (Reichstein et al., 2002), while other studies
have found the best correlations with soil temperature (Pavelka
et al,, 2007) or have indicated that temperature itself is not a
good predictor of R, (Davidson et al., 2000; Rey et al., 2002).

Soil Chemical and Biological Properties
Available Nitrogen, Phosphorus, and Potassium
and Pore Water Conductivity
After 4 d of treatment application, LE did not cause a sig-
nificant variation in available N (P = 0.235). The same trend was
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+ 0.1 mS m~! for the LE treatment and 6.1 £ 0.2
mS m~! for the control treatment. Values of EC
increased in the short term in both the control and
LE treatments, which can be related to the slight
decrease in 0, which causes a natural increase in
the concentration of solutes. In addition, the bio-
logical transformation of SOM causes the release
of H* ions, which can compete with the nonacid
ions for the colloidal exchange sites, favoring their
release to the soil solution and thereby increasing
ECp (Garcia-Gil, 2001).

At the end of the experiment, available P and
K were influenced only by the main effect of soil
depth but not by LE or their interaction. Because
P and K are less mobile than N, the effects were
not as marked as for N, although available P and K

tended to decrease in the medium term.

Soil Microbial Biomass and Related
Ecological Indicators
In the medium term, C,,  significantly de-
creased with soil depth (P < 0.004) but not with
LE (P = 0.339) (Table 3), while their interaction
was not significant (P = 0.55). The C,, value was
significantly greater (7 = 6, £1 SE) in the top 3-cm
depth (1796 4 532 mg C kg™ ! soil) compared with
3 to 6 cm (804 4 169 mg C kg™! soil) and 6 to 9
cm (519 + 109 mg C kg™! soil) depth intervals.
This is consistent with the normal trend of reduced
substrate availability with soil depth found under
forest ecosystems. Despite the fact that studies
about the effects of litter extraction on biological
properties are still scarce (Mariani et al., 2006), sev-

Days after litter extraction

Fig. 2. Rainfall, soil respiration (R), volumetric water content (6) in the top 6.5 cm of
soil, and soil temperatures at the surface (T and 6.5- (T, 5) and 10-cm (T,) depths
under the control and litter extraction (LE) treatments. Values are presented as means
(&1 SE) for each sampling date and treatment. Significant differences between the litter
extraction vs. the control treatment are shown as P range: ns, nonsignificant; *significant

at P < 0.05; **significant at P < 0.01; ***significant at P < 0.001.

observed after 12, 24, and 711 d of LE (14 and 27 Oct. 2009
and 9 Sept. 2011), which indicates that the remaining topsoil
organic matter under the LE treatment was able to counteract
the effect of litter depletion, maintaining mineralization rates
found under the control treatment (Table 3). Variations in nu-
trient levels between treatments can be indirectly detected by
measuring the soil pore-water electric conductivity (EC ). In our
study, we determined EC_ at the 6.5-cm depth in the short term
(based on the numerical approximation used by the WET-2 sen-
sor). The results obtained for EC_ were in agreement with the
available N, P, and K results. Values of EC_ were only affected
by time (P < 0.01) but not by LE (P = 0.20) or the time X LE
interaction (P = 0.46). Values ofECp were (+1 SE, n = 15) 5.6

eral studies have indicated that microbial activity,
particularly near the soil surface, can decrease as a
result of SOM depletion (Castillo and Joergensen,
2001; Tan et al.,, 2005) or extreme changes of mi-
croclimatic conditions and soil physical properties
(Mariani et al., 2006). Wang et al. (2010) found
that litter removal affected Chior but the effect was
controlled by plant community composition and
community productivity. Other studies have found no signifi-
cant effect of litter removal on Cy, (Li et al,, 2004; Mariani et
al., 2006). In our case, the depletion of organic substrates caused
by LE did not affect the microbial biomass. It seems, therefore,
that the topsoil resiliency of this forest ecosystem allowed main-
tenance of the microbial population.

Soil organic C, basal respiration (c min>’ the metabolic quo-
tient qCO, (the ratio between Cy,  and C_; ), the microbial
quotient gMic (the ratio between Cy; and SOC), and the min-
eralization quotient qMin (the ratio between C_, and SOC)
were unaffected by LE (Table 3). This indicates that the removal
of important amounts of soil organic matter under this type

of forest ecosystem did not significantly change the inherent
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Fig. 3. Relationship between soil respiration (R and volumetric water
content (0) at the 6.5-cm depth in the control and litter extraction
(LE) treatments.

characteristics of the remaining SOM as well as the activity of
the microbial population. Other studies have found significant
variations in some of these properties as a result of changes in
the quality of the SOM. For instance, Vance and Chapin (2001)
found lower qMic values under taiga forest floors with increased
C/N ratios (a well-known indicator of SOM recalcitrance). Liao
and Boutton (2008), studying the response of the soil microbial
biomass to woody plant invasion of a grassland savanna in Texas,
also found a decrease in gMic as a result of increased resistance
to decomposition of organic matter inputs from wooded areas

compared with grassland areas.

Soil-Pore Water Properties

In the medium term, the electric conductivity of the lysim-
eter extracts was not significantly affected by litter extraction (P =
0.39 and 0.76 for the 10- and 30-cm depths, respectively). Overall
mean values were 12.7 £ 0.7 and 11.1 & 0.9 mS m ™! for the con-
trol and LE treatments, respectively. Significant variations in EC
were found only with time (P < 0.01) for lysimeter extracts at the
30-cm depth, which is attributable to the different solute composi-
tion of the soil-pore water as a result of differences in the amount,
rate, and time between each precipitation event. Low soil water
flows associated with small precipitation events allowed the soil
water to interact with the matrix and evolve in terms of its ionic
composition (Worrall et al,, 2002). The nonsignificant effect of
time on the lysimeter water extracts from the top 10-cm depth can
be explained by the high capacity of SOM to control adsorption—
desorption reactions between the solid and liquid phases.

Lysimeter water extracts were slightly acidic and not signifi-
cantly affected by LE (P = 0.11 and 0.84 for the 10- and 30-cm
depths, respectively). The potential release of H* ions was ap-
parently counterbalanced by the high buffer capacity that the
remaining SOM gave to the soil. In the top 10-cm depth, pH val-
ues were 6.61 4= 0.09 and 6.71 = 0.1 for the control and LE treat-
ments, respectively. At the 30-cm depth, pH values were in the
same range, with values of 6.70 &= 0.10 and 6.60 £ 0.08 for the
control and LE treatments, respectively. Variations in pH were
found with time (P = 0.019 and 0.011 for the 10- and 30-cm
depths, respectively).

Dissolved organic C was significantly reduced in both
depths (P = 0.061 and 0.03 for the 10- and 30-cm depths, re-
spectively) independent of rain events (P = 0.26) (Fig. 4). In the

Table 3. Soil biological and chemical properties in the control and litter extraction (LE) treatments at three soil depths.

A 0-3 cm 3-6 cm 6-9 cm ANOVA statisticst
Soil propertyt
Control LE Control LE Control LE L S LxS
Chpior Mg C kg_1 soil 1991 + 422§ 1602 + 142 896 + 87 714 + 89 572 +33 467 + 78 ns A-B-BY{** ns
SOC, % (w/w) 143 +4.1 13.0+1.9 54+0.8 5.0+0.5 3.3+0.1 3.0+03 ns A-B-B*** ns

Coriny Mg CO,—C kg~ soil h~"! 153+049 132+0.1 0.66+0.09 0.54+0.04 039+0.03 034003 ns A-B-B** ns
qCO,, g CO,~C kg™ Gy h™! 0.74 +0.08 0.84+0.06 0.72+0.050.798 +0.11 0.70 £0.07 0.90 +0.26 ns  ns ns
gMic, % 1.49+0.13 1.28+0.13 1.68+0.10 1.44+0.14 1.72+0.12 1.52+0.11 ns A-AB-B* ns
gMin, g CO,-C kg‘1 SOC h—1' x10 0.11T+£0.01 0.11+0.01 0.12+0.00 0.11 £0.01 0.12 +0.01 0.13 +0.03 ns ns ns
N,,, mg kg’1 (4 d after extraction) 74+1.4 135+4.2 45+1.3 5.7 +0.1 30+1.0 3.0+0.6 ns  A-B-B* ns
N, mg kg‘1 (12 d after extraction) 75+2.1 85+ 1.8 3.7+ 0.6 6.7 +1.4 3.1+0.1 4.6 +0.8 ns A-AB-B* ns
N, (mg kg‘1 (24 d after extraction) 103+15 11.7+2.2 6.6 +0.5 7.1 +1.2 4.8+0.5 7.0+1.3 ns  A-B-B* ns
N,,, mg kg’1 (711 d after extraction) 36+1.3 0.4 +0.1 26+1.5 1.8+0.6 70+26 19+1.3 ns ns ns
Polery Mg kg™! (711 d after extraction) 7.3 +1.8  64+14 39x1.4 31+12 28+14 1814 ns ABB* ns

1353 +£59 123.1+3.1 828=+2.2 728+6.0 60.1+23 557+3.0 ns A-B-C¥** ns
* Significant difference between LE and control at P < 0.05; ns, not significant.

K, mg kg™ (711 d after extraction)

** Significant difference between LE and control at P < 0.01.

**#* Significant difference between LE and control at P < 0.001.

t Cy,j,, Microbial biomass C; SOC, soil organic C; C
mineralization quotient; N

miry Dasal respiration; qCO,, microbial metabolic quotient; gMic, microbial quotient; qMin,

av available N; P, .., available P; K, available K.

% Separation of means was determined by a Bonferroni test when applicable over the main effects of soil depth. L, main effect of litter removal; S,
main effect of soil depth; LS, interactive effect of L and S.

§ Means + SE.

9 Different uppercase letters indicate significant differences at P < 0.05: (0-3 cm)-(3—6 cm)-(6-9 cm).
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‘ 100 ] 10 cm depth 008 Microbial communities can play an important role in
80 - DOC balances (Neff and Asner, 2001), either as consum-
< 601 ers or as sources of DOC (Kalbitz et al., 2000). In our case,
;,' gg microbial communities were not significantly reduced;
E o0+ therefore, the consumption of organic substrates and fur-
o0 100 30 cm depth .
O 80 P=0.03 ther production of DOC was not apparently affected by
a gg j D j microorganisms and their activity.
‘ 20 ﬁ i ii - The nonsignificant differences in DOC between the
01 two measured depths imply that an important fraction
< 2 i 10 cm depth P=0.15 of the DOC produced in the soil surface can be translo-
£ 4 cated to the 30-cm depth. It seems that chemical controls
O 2 ﬂ I I I I ] J—‘ l of DOC retention, such as adsorption and precipitation
g‘ 0 reactions, are exceeded by physical controls such as the wa-
2 87 30 cm depth P=0.62 ter infiltration flux. Other studies have shown that DOC
< 61 I ' . .
> 4. concentrations decrease with depth. In these cases, the clay
? 2 E ' - J—‘ l content and mineralogy have played a key role (Neff and
0 - Asner, 2001). In our study, clay content, particularly in
60 { [] Control 10 cm depth P=0.22 the top 30 cm of the soil, was low (Table 4), allowing the
20, ERLE translocation of DOC by means of convective transport
© 201 E - through macro- and mesopores (Kalbitz et al., 2000).
% 0 L Eoeie ool | 30 om depth V.iSiPle and ulnjaviolet (UV) spectroscopy can give
60 P=0.45 some insights regarding the structure of DOC. In case of
40 UV light transmission, aromatic molecules have the great-
20 - ]_Li |_L‘ D - est absorptivities, with wavelengths X between 200 and 380
0
690 700 706 711

643 671 684
Days after litter extraction

Fig. 4. Variation of dissolved organic C (DOC), specific ultraviolet absorbance
(SUVA), and the E,/E ratio of soil-pore water samples extracted during the 2011
rainfall season under the control and litter extraction (LE) treatments. Error bars

indicate 4-1 standard error of the mean.

top 10-cm depth, DOC values were 63.71 £ 8.54 and 25.74
+ 1.56 mg L1 for the control and LE treatments, respectively.
At the 30-cm depth, DOC was in a similar concentration, with
values of 50.94 &= 4.0 and 26.07 & 2.04 mg L~! for the control
and LE treatments, respectively. This 59.6% (10-cm depth) and
48.8% (30-cm depth) decrease can be explained by the high po-
tentially soluble fraction of the Oi and Oa horizons that makes
litter a main source of DOC (Magill and Aber, 2000; Moore and
Dalva, 2001) that moves down the soil profile with precipitation.
Other studies have found decreased DOC after peat bog distur-
bances (Glatzel et al., 2003) or after forest harvesting (Kalbitz
et al,, 2000), in which the main factor was also the depletion of
casily decomposable organic matter.

Table 4. Main soil physical characteristics of the study site.

'Depth Bulk density Particle size .distributionf
interval Sand Silt Clay
cm gcm™> %
0-28 1.05+0.17F 624+7.6 264+4.4 11.2 £3.38
28-43 1.23 £0.09 58.8 £ 2.1 25.5+£2.0 157+ 1.3

t Particle size distribution determined by the hydrometer method.
¥ Mean £ SD.

Overall value

nm, while other structures are translucent (Weishaar et al.,
2003). This characteristic of the selected UV spectra allows
the characterization of DOC in terms of its aromaticity
(Weishaar et al., 2003). Specific UV absorbances (the ratio
between the absorbance at 254 nm and the DOC concen-
tration in water extracts) were high in both sites, indicat-
ing an clevated aromatic content (Fig. 4). This is consistent
with other pore water studies in forest soils (Wickland et al.,
2007). At both the 10- and 30-cm depths, SUVA values were not
significantly different between the control and LE treatments (Fig.
4). Because the more labile SOM fraction (Oi horizon) was de-
pleted in the LE treatment, we expected that the DOC produced
from the remaining SOM fraction would exhibit a smaller frac-
tion of aromatic compounds. However, the elimination of the lit-
ter layer decreased DOC but did not provoke a significant change
in its aromaticity. The SUVA values were affected by rain events
but only at the 10-cm depth (P = 0.025 and 0.70 for the 10- and
30-cm depths, respectively). It seems that the quality of DOC in
terms of the presence of more or fewer aromatic compounds can
be affected by time, particularly near the soil surface. Studies of the
effects of soil water content, soil temperature, and amount and in-
tensity of precipitation, as well as the role of microorganisms on
DOC composition will help to elucidate this question.

In the visible spectra, the fractionation of DOC by E,/Eg
ratios (the ratio between the absorbance at 465 and 665 nm in
water extracts) did not reveal any major difference between the
control and LE treatments at cither depth (P = 0.22 and 0.46 for
the 10- and 30-cm depths, respectively). Significant variations
in this ratio were not found with time (P = 0.18 and 0.45 for
the 10- and 30-cm depths, respectively). Overall mean values in
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the control treatment were 16.17 4 5.05 and 21.43 £ 4.65 for
the 10- and 30-cm depths, respectively. In the LE treatment, this
ratio was 19.49 & 4.9 (10-cm depth) and 16.81 £ 4.48 (30-cm
depth). It seems that the E,/E ratio is not as sensitive as SUVA
values to changes in the quality of DOC. These values are in
the range found in other forest ecosystems such as beech (Fagus
sylvatica L.), oak (Quercus robur L.), grand fir [Abies grandis
(Douglas ex D. Don) Lindl.], and Norway spruce [Picea abies
(L.) H. Karst.] forest sites (Strobel et al., 2001). The E,/E ratio
is inversely related to the molecular weight of the humic fraction
(Collier, 1987) and therefore might indicate the dominance of
either fulvic or humic acids (Chen et al., 1977; Swift, 1996). In
our case, the E/E ratios were >5 (Fig. 4), which indicates the
predominance of low-molecular-mass humic substances (i.c., ful-
vic acids) (Swift, 1996). The fulvic acid predominance is in agree-
ment with the high SUVA values found because fulvic acids are
rich in aromatic compounds (Schnitzer, 1986). Moreover, the
pH values of water extracts were slightly >6.5, a value considered
the upper limit for humic acid solubility.

SUMMARY AND CONCLUSIONS
Wildland areas of central Chile, where sclerophyll forests

are a main component, are highly affected by anthropogenic dis-
turbances. The effects of such disturbances are not well under-
stood, thereby increasing the need for a better comprehension
of the dynamics of chemical, physical, and biological properties
under increasing human pressure and climate change. Soil litter
extraction decreased soil respiration in the short (Days 0-24 af-
ter extraction) and the medium term, which was attributed to
the elimination of readily decomposable C substrates that con-
stitute the O horizons. Volumetric water content was the second
factor affecting soil respiration in both treatments. Soil organic
C, basal respiration, microbial biomass, and their related meta-
bolic quotients (qCOZ, aM,, and inn) were not affected by lit-
ter extraction. It seems that the removal of important amounts of
SOM did not affect the inherent characteristics of the remaining
SOM or the amount and activity of the microbial population.

Dissolved organic C significantly decreased as a result of
LE. In both treatments, DOC was comprised of aromatic-rich,
low-molecular-weight compounds (i.e., fulvic acids) that appar-
ently did not react with the soil matrix (i.e., adsorption—desorp-
tion reactions) but can be of particular importance in controlling
other soil processes such as acidity, cation exchange, and translo-
cation of metals (Qualls et al., 2003). The potential effects of the
decrease in DOC in these as well as in other soil processes should
be taken into consideration in future studies.

Specific UV absorbances as well as the E;/E; ratios were not
affected by LE. This demonstrates that LE caused a change in the
amount but not in the quality of the DOC. Differences in SUVA
values with time near the soil surface (i.c., the 10-cm depth) sug-
gest a potential effect of other time-related properties, such as
variations with time in the soil water content and temperature,

the amount and intensity of precipitation, or changes in soil bio-

logical activity with time. New studies are therefore needed in
this direction as well.

Despite the apparent high resiliency of the soil system to
LE, these results should be considered with caution. Our results
represent the effect of only one litter removal, at a site that had
not been subject to disturbance for 50 yr, and thus represents the
most conservative scenario. It is known that sclerophyll forests of
central Chile can be affected by LE up to seven times in a centu-
ry. A frequent alteration of the topsoil will impact humification
processes and therefore the development of biologically resistant
organic matter characterized by turnover times of 25 yr (Parton
et al., 1987) or the generation of chemically recalcitrant SOM,
also known as passive SOM, characterized by turnover times
>250 yr. The elimination of these C pools and its effect on the
microbial population and soil C fluxes are still unknown for this

type of forest ecosystem.

ACKNOWLEDGMENTS

We thank the National Fund for the Development of Science and
Technology FONDECY T-Chile (Grant no. 1090283) for its financial
support and FONDECYT Grant no. 1090259 for facilitating the
portable CO, analyzer. We thank the National Corporation of Forestry
(CONAF), and CODELCO Chile-Divisién el Teniente for its logistic
support. We also thank Daniela Gatica, Jorge Vega, Ignacio Contreras,
Rocio Mufioz, and Manuel Aguilera for their help during soil sampling
and field data acquisition, and Cristina Séez for her support during field
sampling and laboratory analysis.

REFERENCES

Antoniadis, V., and B. Alloway. 2002. The role of dissolved organic carbon in
the mobility of Cd, Ni and Zn in sewage sludge-amended soils. Environ.
Pollut. 117:515-521. doi:10.1016/50269-7491(01)00172-5

Berg, B., and C. McClaugherty. 2008. Plant litter: Decomposition, humus
formation, carbon sequestration. Springer-Verlag, Berlin.

Borken, W., Y.J. Xu, E.A. Davidson, and E Beese. 2002. Site and
temporal variation of soil respiration in European beech, Norway
spruce, and Scots pine forests. Global Change Biol. 8:1205-1216.
doi:10.1046/j.1365-2486.2002.00547.x

Bourbonniere, R.A., and LE. Creed. 2006. Biodegradability of dissolved organic
matter extracted from a chronosequence of forest-floor materials. J. Plant
Nutr. Soil Sci. 169:101-107. doi:10.1002/jpIn.200521721

Buchmann, N. 2000. Biotic and abiotic factors controlling soil respiration
rates in Picea abies stands. Soil Biol. Biochem. 32:1625-1635.
doi:10.1016/S0038-0717(00)00077-8

Castillo, X., and R.G. Joergensen. 2001. Impact of ecological and
conventional arable management systems on chemical and biological
soil quality indices in Nicaragua. Soil Biol. Biochem. 33:1591-1597.
doi:10.1016/S0038-0717(01)00089-X

Chen, Y., N. Senesi, and M. Schnitzer. 1977. Information provided on
humic substances by E,/E; ratios. Soil Sci. Soc. Am. J. 41:352-358.
d0i:10.2136/ss52j1977.03615995004100020037x

Cleveland, C.,]. Neff, A. Townsend, and E. Hood. 2001. Composition, dynamics,
and fate of leached dissolved organic matter in terrestrial ecosystems:
Results from a decomposition experiment. Ecosystems 7:275-285.

Collier, K.J. 1987. Spectral properties of some West Coast waters and their
relationship with dissolved organic carbon. Mauri Ora 14:25-32.

Conant, RT., P. Dalla-Betta, C.C. Klopatek, and J.M. Klopatek. 2004. Controls
of soil respiration in semiarid soils. Soil Biol. Biochem. 36:945-951.
d0i:10.1016/j.50ilbi0.2004.02.013

Corporacién Nacional Forestal. 2008. Plan de Mancjo Reserva Nacional
Roblerfa de Cobre de Loncha. CONAF, Santiago, Chile.

Davidson, E.A., LV. Verchot, JH. Cattanio, LL. Ackerman, and J.E.M.
Carvalho. 2000. Effect of soil water content on soil respiration in forest
and cattle pastures of eastern Amazonia. Biogeochemistry 48:53-69.

642

Soil Science Society of America Journal



doi:10.1023/A:1006204113917

Delta-T Devices. 2005. User manual version WET-UM-v1.3. Delta-T Devices,
Cambridge, UK.

Epron, D., Y. Nouvellon, O. Roupsard, W. Mouvondy, A. Mabiala, L. Andre,
et al. 2004. Spatial and temporal variations of soil respiration in a
Eucalyptus plantation in Congo. For. Ecol. Manage. 202:149-160.
doi:10.1016/j.foreco.2004.07.019

Froberg, M., P.M. Jardine, P.J. Hanson, C.W. Swatson, D.E. Todd, J.R. Tarver,
and J.CT. Garten. 2007. Low dissolved organic carbon input from fresh
litter to deep mineral soils. Soil Biol. Biochem. 71:347-354.

Garcfa-Gil, J. 2001. Efectos residuales y acumulativos producidos por la
aplicacién de compost de residuos urbanos y lodos de depuradoras sobre
agrosistemas mediterrdneos degradados. Ph.D. diss. Univ. Auténoma de
Madrid, Madrid.

Ghani, A., K. Miiller, M. Dodd, and A. Mackay. 2010. Dissolved organic matter
leaching in some contrasting New Zealand pasture soils. Eur. J. Soil Sci.
61:525-538. doi:10.1111/j.1365-2389.2010.01246.x

Glatzel, S., K. Kalbitz, M. Dalva, and T. Moore. 2003. Dissolved organic matter
properties and their relationship to carbon dioxide efflux from restored peat
bogs. Geoderma 113:397-411. doi:10.1016/50016-7061(02)00372-5

Han, G., G. Zhou, Z. Xu, Y. Yang, J. Liu, and K. Shi. 2007. Biotic and abiotic
factors controlling the spatial and temporal variation of soil respiration
in an agricultural ecosystem. Soil Biol. Biochem. 39:418-425.
doi:10.1016/j.soi1bio.2006.08.009

Hanson, P.J., N.T. Edwards, C.T. Garten, and J.A. Andrews. 2000. Separating
root and soil microbial contributions to soil respiration: A review
of methods and observations. Biogeochemistry — 48:115-146.
doi:10.1023/A:1006244819642

Horwath, W.R., and E.A. Paul. 1994. Microbial biomass. In: R.W. Weaver et al.,
editors, Methods of soil analysis. Part 2. Microbiological and biochemical
properties. SSSA Book Ser. 5. SSSA, Madison, W1 p. 753-773.

Hu, Y.L, S.L. Wang, and D.H. Zeng. 2006. Effects of single Chinese fir and
mixed leaf litters on soil chemical, microbial properties and soil enzyme
activities. Plant Soil 282:379-386. d0i:10.1007/511104-006-0004-5

Jabro, J.D., U. Sainju, W.B. Stevens, and R.G. Evans. 2008. Carbon dioxide
flux as affected by tillage and irrigation in soil converted from
perennial forages to annual crops. J. Environ. Manage. 88:1478-1484.
doi:10.1016/j.jenvman.2007.07.012

Kalbitz, K. 2001. Properties of organic matter in soil solution in a German
fen area as dependent on land use and depth. Geoderma 104:203-214.
doi:10.1016/50016-7061(01)00081-7

Kalbitz, K., W. Geyer, and S. Geyer. 1999. Spectroscopic properties of
dissolved humic substances: A reflection of land use history in a fen area.
Biogeochemistry 47:219-238.

Kalbitz, K., S. Solinger, J.-H. Park, B. Michalzik, and E. Matzner. 2000. Controls
on the dynamics of dissolved organic matter in soils: A review. Soil Sci.
165:277-304. d0i:10.1097/00010694-200004000-00001

Khomik, M., M.A. Arain, and J.H. McCaughey. 2006. Temporal and spatial
variability of soil respiration in a boreal mixedwood forest. Agric. For.
Meteorol. 140:244-256. doi:10.1016/j.agrformet.2006.08.006

Kolka, R., P. Weishampel, and M. Froberg. 2008. Measurement and importance
of dissolved organic carbon. In: C.M. Hoover, editor, Field measurements
for forest carbon monitoring: A landscape-scale approach. Springer, New
York. p. 171-176.

Kothawala, D.N., T.R. Moore, and W.H. Hendershot. 2008. Adsorption of
dissolved organic carbon to mineral soils: A comparison of four isotherm
approaches. Geoderma 148:43-50. doi:10.1016/j.geoderma.2008.09.004

Li, Q., H.L. Allen, and A.G. Wollum IL 2004. Microbial biomass and bacterial
functional diversity in forest soils: Effects of organic matter removal,
compaction, and vegetation control. Soil Biol. Biochem. 36:571-579.
doi:10.1016/j.soilbi0.2003.12.001

Liao, J.D., and TW. Boutton. 2008. Soil microbial biomass response to
woody plant invasion of grassland. Soil Biol. Biochem. 40:1207-1216.
doi:10.1016/j.soi1bi0.2007.12.018

Lundstrom, U, and L.-O. Ohman. 1990. Dissolution of feldspars in
the presence of natural, organic solutes. J. Soil Sci. 41:359-369.
doi:10.111 1/j.1365-2389. 1990.tb00071.x

Luo, Y., and X. Zhou. 2006. Soil respiration and the environment. Academic
Press, San Diego.

Madritch, M.D., and M.D. Hunter. 2003. Intraspecific litter diversity and

nitrogen deposition affect nutrient dynamics and soil respiration.
Occologia 136:124-128. doi:10.1007/500442-003-1253-0

Magill, A-H., and J.D. Aber. 2000. Dissolved organic carbon and nitrogen
relationships in forest litter as affected by nitrogen deposition. Soil Biol.
Biochem. 32:603-613. doi:10.1016/50038-0717(99)00187-X

Mariani, L., $.X. Chang, and R. Kabzems. 2006. Effects of tree harvesting,
forest floor removal, and compaction on soil microbial biomass, microbial
respiration, and N availability in a boreal aspen forest of British Columbia.
Soil Biol. Biochem. 38:1734~1744. doi:10.1016/j.s0ilbi0.2005.11.029

Moore, T.R., and M. Dalva. 2001. Some controls on the release of dissolved
organic carbon by plant tissues and soils. Soil Sci. 166:38-47.
doi:10.1097/00010694-200101000-00007

Moscatelli, M.C., A. Lagomarsino, S. Marinari, P.D. Angelis, and S. Grego. 2005.
Soil microbial indices as bioindicators of environmental changes in a poplar
plantation. Ecol. Indic. 5:171-179. d0i:10.1016/j.ecolind.2005.03.002

Neft, J., and G. Asner. 2001. Dissolved organic carbon in terrestrial ecosystems:
Synthesis and a model. Ecosystems 4:29-48. d0i:10.1007/s100210000058

Parton, W.J., D.S. Schimel, C.V. Cole, and D.S. Ojima. 1987. Analysis of factors
controllingsoil organic matter levels in Great Plains grasslands. Soil Sci. Soc.
Am.J.51:1173-1179. doi:10.2136/ss52j1987.03615995005100050015x

Pavelka, M., M. Acosta, M.V. Marek, W. Kutsch,and D. Janous. 2007. Dependence
of the Q) values on the depth of the soil temperature measuring point.
Plant Soil 292:171-179. d0i:10.1007/511104-007-9213-9

Putasso, A., P. Vityakon, P. Sanjean, V. Treloges, and G. Cadisch. 2010.
Relationship between residue quality, decomposition patterns, and soil
organic matter accumulation in a tropical sandy soil after 13 years. Nutr.
Cycling Agroecosyst. 89:159-174. doi:10.1007/s10705-010-9385-1

Qualls, R.G., A. Takiyama, and R.L. Wershaw. 2003. Formation and loss of
humic substances during decomposition in a pine forest floor. Soil Sci. Soc.
Am. J. 67:899-909. doi:10.2136/ss52j2003.0899

R Development Core Team. 2010. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna. www.R-
project.org.

Raich, JW., and K.J. Nadelhoffer. 1989. Belowground carbon allocation in forest
ecosystems: Global trends. Ecology 70:1346—-1354. d0i:10.2307/1938194

Raich, JW.,, and C.S. Potter. 1995. Global patterns of carbon dioxide emissions
from soils. Global Biogeochem. Cycles 9:23-36. doi:10.1029/94GB02723

Raich, JW., and W.H. Schlesinger. 1992. The global carbon dioxide flux in soil
respiration and its relationship to vegetation and climate. Tellus B 44:81—
99. doi:10.1034/.1600-0889.1992.t01-1-00001.x

Raich,]JW.,and A. Tufekcioglu.2000. Vegetation and soil respiration: Correlations
and controls. Biogeochemistry 48:71-90. doi:10.1023/A:1006112000616

Reichstein, M., ].D. Tenhunen, O. Roupsard, J.-M. Ourcival, S. Rambal, S. Dore,
and R. Valentini. 2002. Ecosystem respiration in two Mediterrancan
evergreen holm oak forests: Drought effects and decomposition dynamics.
Funct. Ecol. 16:27-39. doi:10.1046/j.0269-8463.2001.00597.x

Rey, A, E. Pegoraro, C. Oyonarte, A. Were, P. Escribano, and J. Raimundo. 2011.
Impact of land degradation on soil respiration in a steppe (Stipa tenacissima
L.) semi-arid ecosystem in the SE of Spain. Soil Biol. Biochem. 43:393-
403. doi:10.1016/j.s0ilbi0.2010.11.007

Rey, A., E. Pegoraro, V. Tedeschi, LD. Parri, P.G. Jarvis, and R. Valentini.
2002. Annual variation in soil respiration and its components in a
coppice oak forest in central Iraly. Global Change Biol. 8:851-866.
doi:10.1046/j.1365-2486.2002.00521.x

Reynolds, B., and M.D. Hunter. 2001. Responses of soil respiration, soil
nutrients, and litter decomposition to inputs from canopy herbivores. Soil
Biol. Biochem. 33:1641-1652. doi:10.1016/50038-0717(01)00085-2

Sadzawka, A., R. Grez, M.L. Mora, N. Saavedra, M.A. Carrasco, and C. Rojas.
2004. Métodos de andlisis recomendados para los suelos chilenos. Inst.
de Invest. Agropecuarias, Comisién de Normalizacién y Acreditacién
Sociedad Chilena de la Ciencia del Suelo, Santiago, Chile.

Saiz, G., K. Black, B. Reidy, S. Lopez, and E.P. Farrell. 2007. Assessment of soil CO,
effluxand its components using a process-based model in a young temperate
forest site. Geoderma 139:79-89. doi:10.1016/j.geoderma.2006.12.005

Sayer, E.J. 2006. Using experimental manipulation to assess the roles of leaf litter
in the functioning of forest ecosystems. Biol. Rev. Camb. Philos. Soc. 81:1-
31.doi:10.1017/51464793105006846

Sayer, E.J., J.S. Powers, and E.V.]J. Tanne. 2007. Increased litterfall in tropical
forests boosts the transfer of soil CO, to the atmosphere. PLoS ONE
2:¢1299. doi:10.1371/journal.pone.0001299

www.soils.org/publications/sssaj

643



Schnitzer, M. 1986. Binding of humic substances by soil mineral colloids. In:
P.M. Huang and M. Schnitzer, editors, Interactions of soil minerals with
natural organics and microbes. SSSA Spec. Publ. 17. SSSA, Madison, W1.
p.77-101.

Smith, J.L., J.J. Halvorson, and H. Bolton, Jr. 1995. Determination and use
of a corrected control factor in the chloroform fumigation method
of estimating soil microbial biomass. Biol. Fertil. Soils 19:287-291.
doi:10.1007/BF00336096

Smolander, A., and V. Kitunen. 2002. Soil microbial activities and characteristics
of dissolved organic C and N in relation to tree species. Soil Biol. Biochem.
34:651-660. doi:10.1016/50038-0717(01)00227-9

Strobel, BW., H.C. Hansen, O.K. Boorgaard, M.K. Andersen, and K. Raulund-
Rasmussen. 2001. Composition and reactivity of DOC in forest floor soil
solutions in relation to tree species and soil type. Biogeochemistry 56:1-
26.d0i:10.1023/A:1011934929379

Swift, R.S. 1996. Organic matter characterization. In: D.L. Sparks, editor,
Methods of soil analysis. Part 3. Chemical methods. SSSA Book Ser. 5.
SSSA and ASA, Madison, WL p. 1011-1069.

Tan, X., $.X. Chang, and R. Kabzems. 2005. Effects of soil compaction and
forest floor removal on soil microbial properties and N transformations
in a boreal forest long-term soil productivity study. For. Ecol. Manage.
217:158-170. doi:10.1016/j.foreco.2005.05.061

Taylor, L., M.A. Arthur, and R.D. Yanai. 1999. Forest floor microbial biomass
across a northern hardwood successional sequence. Soil Biol. Biochem.
31:431-439. doi:10.1016/S0038-0717(98)00148-5

Thirukkumaran, C.M., and D. Parkinson. 2000. Microbial respiration, biomass,
metabolic quotient and litter decomposition in a lodgepole pine forest
floor amended with nitrogen and phosphorus fertilizers. Soil Biol.
Biochem. 32:59-66. doi:10.1016/50038-0717(99)00129-7

Vance, ED., and ES. Chapin IIL 2001. Substrate limitations to microbial
activity in taiga forest floors. Soil Biol. Biochem. 33:173-188.
doi:10.1016/50038-0717(00)00127-9

Van Soest, PJ. 1963. Use of detergents in the analysis of fibrous feeds: II. A rapid
method for the determination of fiber and lignin. J. Assoc. Off. Agric.
Chem. 46:829-835.

Vasconcelos, S., D.J. Zarin, M. Capanu, R. Littell, E.A. Davidson, EY. Ishida, et
al. 2004. Moisture and substrate availability constrain soil trace gas fluxes

in an eastern Amazonian regrowth forest. Global Biogeochem. Cycles
18:GB2009.

Wang, C., R. Long, Q. Wang, W. Liu, Z. Jing, and L. Zhang. 2010. Fertilization
and litter effects on the functional group biomass, species diversity of
plants, microbial biomass, and enzyme activity of two alpine meadow
communities. Plant Soil 331:377-389. doi:10.1007/s11104-009-0259-8

Wardle, D.A. 1993. Changes in the microbial biomass and metabolic quotient
during leaf litter succession in some New Zecaland forest and scrubland
ecosystems. Funct. Ecol. 7:346-355. doi:10.2307/2390215

Weishaar, J.L., G.R. Aiken, B.A. Bergamaschi, M.S. Fram, R. Fujii, and K.
Mopper. 2003. Evaluation of specific ultraviolet absorbance as an indicator
of the chemical composition and reactivity of dissolved organic carbon.
Environ. Sci. Technol. 37:4702-4708. doi:10.1021/es030360x

Weng, L., EJ. Temminghoff, S. Lofts, E. Tipping, and W.H. Van Riemsdijk.
2002. Complexation with dissolved organic matter and solubility control
of heavy metals in a sandy soil. Environ. Sci. Technol. 36:4804-4810.
doi:10.1021/es0200084

Wenjie, W., L. Wi, S. Wei, Z. Yuangang, and C. Song. 2008. Influences of
forest soil cleaning on the soil respiration and soil physical property of
a larch plantation in Northeast China. Acta Ecol. Sin. 28:4750-4756.
doi:10.1016/51872-2032(09)60004-4

Wickland, K.P., J.C. Neff, and G.R. Aiken. 2007. Dissolved organic carbon in
Alaskanborealforest: Sources,chemical characteristics,andbiodegradability.
Ecosystems 10:1323-1340. doi:10.1007/s10021-007-9101-4

Wiseman, P.E., and J.R. Sciler. 2004. Soil CO, efflux across four age classes of
plantation loblolly pine (Pinus taeda L.) on the Virginia Piedmont. For.
Ecol. Manage. 192:297-311. doi:10.1016/j.foreco.2004.01.017

Worrall, E, T.P. Burt, R.Y. Jacban, J. Warburton, and R. Shedden. 2002. Release
of dissolved organic carbon from upland peat. Hydrol. Processes 16:3487—
3504. doi:10.1002/hyp.1111

Zech, W., G. Guggenberger, and H.-R. Schulten. 1994. Budgets and
chemistry of dissolved organic carbon in forest soils: Effects of
anthropogenic  soil acidification. Sci. Total Environ. 152:49-62.
doi:10.1016/0048-9697(94)90550-9

Zsolnay, A.2003. Dissolved organic matter: Artefacts, definitions, and functions.
Geoderma 113:187-209. doi:10.1016/S0016-7061(02)00361-0

644

Soil Science Society of America Journal



