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Abstract In this study, we examined changes in

isotopic (13C and 14C) and spectroscopic (UV and 13C

NMR) properties of dissolved organic carbon (DOC)

in relation to soil organic matter (SOM) to elucidate

the sources and sinks of DOC as water percolates

through the soils of two contrasting upland coastal

California ecosystems—a redwood forest and a

coastal prairie. Despite differences in the distribution

of C stocks and litter chemistry at these two sites, we

found similar shifts in DOC chemistry with soil

depth. DOC concentrations dropped rapidly with

increasing depth, with an accompanying decrease in

the C:N ratio, an increase in the d13C value and an

decrease in specific UV adsorption. In the grassland

soil, D14C values declined from current atmospheric

values (+70%) in the surface horizon to -75% at

100 cm. In the redwood soil, the D14C value of 111%
in O horizon leachates was indicative of OM with a

residence time of 8–10 yrs, with a decrease in D14C

values to -80% at 100 cm. Solid-state CP/MAS 13C

NMR spectra were generally most similar to highly

humified OM, with a general decrease in the relative

abundance of aromatic compounds and an increase in

the alkyl C/O-alkyl C ratio with increasing depth. All

of these trends are consistent with the shifts in SOM

properties with increasing depth, which are inter-

preted to mean a shift from fresh plant material to

older, highly altered OM. In this Mediterranean

climate, we found distinct seasonal shifts in the

quantity and composition of DOC found in soil

solution during the winter rainy period that was also

consistent with a shift from recent labile substrates to

older, highly altered OM. These results fit in with a

growing body of literature suggesting that the source

of much of the DOC within mineral soils is the local

soil OM, and the 14C data, in particular, indicate that

DOC at depth is not simply the fraction of surficial

leachates that have not been adsorbed or decom-

posed. Rather, exchange reactions with a portion of

the more stabilized SOM pool exert the strongest

control on both the concentration and composition of

DOC found in these soils.
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CP/MAS 13C NMR Cross polarization/magic angle

spinning carbon-13 nuclear

magnetic resonance

DOC Dissolved organic carbon

RSD Relative standard deviation

RSP Reactive soil pool

SOM Soil organic matter

SUVA Specific ultraviolet adsorption

TF Through fall

TV Tennessee Valley

UV Ultraviolet

WEOM Water-extractable organic

matter

Introduction

The flux of dissolved organic carbon (DOC) from

continents to marine reservoirs is a significant com-

ponent of the C cycle and the concentration of DOC in

stream water has been increasing in recent decades in

northern latitudes (Evans et al. 2006; Freeman et al.

2001; Roulet and Moore 2006). However, the mech-

anisms that produce this DOC and the controls on

these mechanisms are not well understood, but they

must reside in processes that occur in soils. Despite

typically high fluxes of DOC into soils from surficial

organic horizons (Currie et al. 1996; Guggenberger

and Zech 1993; Kaiser et al. 2001a; Michalzik and

Matzner 1999), there is a growing body of literature

suggesting that DOC found at lower depths is derived

primarily from within the mineral soil itself, and that

this DOC most resembles highly altered soil organic

matter (SOM) rather than fresh plant leachates. Based

on 14C measurements, Karltun et al. (2005) found that

a large portion of soil DOC at *20 cm depth is

derived from older, pre-bomb carbon rather than from

C recently fixed by vegetation. Froberg et al. (2006)

found similar results for DOC leaving the B horizon of

a podzol soil. Gregorich et al. (2000) found that the

d13C values of water-extractable organic matter

(WEOM) in agricultural soils were closest to that of

the average SOM rather than fresh maize residues or

the microbial biomass growing on the maize residues.

By utilizing the shift in d13C values when a C3 forest

is converted to a C4 crop, John et al. (2003) found that

only 5–30% of DOC within the mineral soil was C4-

derived after 40 years of continuous maize cropping.

Using analytical pyrolysis, Huang et al. (1998) found

that DOC was the most oxidized and microbially

processed fraction of SOM. Kaiser and Guggenberger

(2000) showed that the carbohydrate and lignin

profiles of DOC most resembled that of C found in

the clay fraction of the mineral soil, which is generally

considered to be a highly altered biological reaction

product. Thus, DOC released from fresh plant mate-

rial and litter would seem to undergo transformations,

transport reactions and lag times prior to exiting

mineral soil profiles and being released to streams.

While these studies point to the significance of

highly altered OM found within the mineral soil as a

major source of DOC, other investigations (e.g.

Aufdenkampe et al. 2001; Hernes et al. 2007; Kaiser

et al. 2001b) have stressed the importance of prefer-

ential or selective adsorption of surficially derived

DOC in controlling the DOC composition in mineral

soils. For example, Hernes et al. (2007) found that

the physical processes of leaching and sorption can

fractionate fresh litter-derived DOC in ways that

would appear to ‘‘age’’ the lignin phenol composition

of that fresh DOC. Unfortunately in most circum-

stances, without direct measurement of the 14C

activity, researchers are left to speculate as to

whether or not DOC is derived from recent litter or

a more aged SOM source.

Soil organic matter exists as a continuum from

fresh plant residues to highly microbially-processed

and stable reaction products, and there exists a wide

variety of individual compounds in both the solid and

dissolved phases in the soil. In this paper, we are

interested in comparing the chemistry of DOC to that

of the organic carbon in the solid phase of soil to

determine whether DOC originates from OM with

short or long turnover times and to develop a

framework by which DOC chemistry is altered as it

passes through various soil compartments, and ulti-

mately the watershed. Here we present results from a

multi-year study that tracked the changes in soil pore

water DOC chemistry at two sites with greatly

contrasting vegetation and potential DOC sources.

We have employed isotopic (13C and 14C) and

spectroscopic (UV and 13C NMR) analytical tech-

niques to assess the age and character of the dissolved

and solid phases of OC, and using these observations

have developed a hypothesis regarding the evolution

of soluble C as it passes from the surface litter

through the soil and into stream waters.
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Methods

Site descriptions

This research has been conducted at two contrasting

coastal northern California ecosystems. These field

sites are part of a larger study of DOC fluxes on

multiple scales including the soil profile scale,

hillslope scale and watershed scale (Sanderman

2007). These two sites were chosen primarily for

flora differences, and because of the previous

hydrologic research and existing infrastructure (i.e.

Brown 1995; Montgomery and Dietrich 1995;

Ziemer 1998).

Tennessee Valley

This watershed is located in the rolling soil-mantled

hills of coastal Marin County, California. The area

was used for cattle grazing since the late nineteenth

century, with active fire suppression until its incor-

poration into the Golden Gate National Recreation

Area in 1972, when large scale grazing ceased.

Current vegetation is a mixture of northern coastal

scrub, coastal prairie associations and both native and

European grasses. Woody shrubs, dominated by

Baccharas sp., have only recently become a signif-

icant component of the vegetative community, likely

as a direct result of the cessation of grazing and fire

suppression. Despite the recent Baccharas invasion

and its aerial extent (40–50% by area based on

multiple transect surveys), we decided to locate all of

our soil sampling pits at least 2 m away from the

nearest Baccharas individual so that our sampling

best represents C cycling under the grassland

communities.

Soils are classified as Typic Haplustolls. Profiles

have a series of prominent dark A horizons, approx-

imately 40 cm thick, that appear to be well-mixed by

burrowing gophers and other animals. This resides on

top of a clayey, organic-poor, relatively unmixed

horizon that consists of highly weathered sandstone

that still retains some evidence of rock structure

(Table 1). Pocket gopher (Thomomys bottae) and, to

a lesser extent, earthworm burrowing are responsible

for the mixing of this clayey material with the A

horizons, and for downslope transport within what

has been referred to as a biomantle (Gabet 2000; Yoo

et al. 2005).

Caspar Creek

The Caspar Creek Experimental Watershed in Men-

docino County, CA, is a long-term experiment

revealing the effects of logging on the hydrologic

cycle. The experimental site is operated by the

Redwood Science Laboratory of the US Forest

Service, and Ziemer (1998) provides an overview of

the research at this site over the last 40 years. We

have focused our investigation in a small headwater

catchment that has been used as a control for the

other experiments since the inception of the exper-

imental watershed. This control site, typical of the

coastal Redwood region, was clearcut and burned

around 1900 (Tilley and Rice 1977) with little human

disturbance since then. Currently, a nearly 100-year

old even mix of second growth Redwood (Sequoia

sempervirens (D. Don) Endl.) and Douglas fir

(Pseudotsuga menziesii (Mirb.) Franco) dominates

the site, with small amounts (*1% by biomass) of

tan oak (Lithocarpus densiflorus) in the understory.

Standing biomass was estimated by Dahlgren (1998)

to be 644 MgC ha-1 with less than 7% in below-

ground root biomass.

The soils in this region are dominated by Typic

Haplohumults (U.S. Soil Conservation Service 1972).

However, on the steeper slopes there appears to have

been significant loss of topsoil due to destructive

logging practices of the late 1800 s. This appears to

have removed a significant portion of the former A

horizons, eliminating textural differences between the

A and B horizons, and thus changing the apparent

classification from an Ultisol to an Inceptisol

(Table 1). Regardless of classification, the soils in

the watershed typically have a thin O horizon with an

80–100 cm thick well-weathered, clay-rich mineral

soil profile that rests on top of several meters of

saprolite derived from greywacke sandstone.

Climate

Both sites have a Mediterranean climate with warm

dry summers and cool wet winters derived from

Pacific storms. The more northern Caspar Creek

typically receives greater precipitation amounts.

During this study, mean annual precipitation was

1,450 mm at Caspar Creek and 1,300 mm at Ten-

nessee Valley, which was approximately 200 mm

above the 30 year mean at both sites (NCDC 2007;
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Ziemer 1981). The coastal location of these sites

moderates the 5 cm soil temperature range to 6–16�C

at Caspar Creek and 8–20�C at Tennessee Valley.

Field sampling and monitoring

At both field sites, seven soil pits along a hillslope

gradient from ridge to hollow were excavated,

sampled by genetic horizon and described using

standard NRCS methods (Schoenberger et al. 2002).

Each excavation was instrumented for hydrometric

monitoring and water collection before carefully

backfilling (see Sanderman 2007) for more details

on spatial arrangement of sites). For this paper, we

focus on soils along the upper part of the hillslope

transects where vertically infiltrating water flow

dominates the soil hydrological pathways.

Soil water sampling

In each soil excavation, Prenart super-quartz tension

lysimeters were installed at multiple depths corre-

sponding to the dominant genetic horizons in the

mineral soil. A steel rod of similar diameter to the

lysimeters was hammered *20 cm into the upslope

soil pit face at a slight downward angle. The

lysimeter was then inserted into the hole in a silica

flour slurry to ensure good contact with soil matrix.

After a 3 month equilibration period, these lysimeters

were sampled every few weeks throughout the rainy

season by applying 60 cbar vacuum to 2L glass

vacuum bottles.

To sample macropore flow during storms, zero-

tension lysimeters were built similar to those of

Driscoll et al. (1988). Briefly, 10 9 15 cm PVC pans

with 2 cm high walls were filled with 4 mm diameter

acid-washed HDPE beads and capped with a fine

mesh screen. These lysimeters were installed in the

soil at depths of 10, 20, 35 and 50 cm at Tennessee

Valley and at depths of 0, 7, 15, 30 and 50 cm at

Caspar Creek by inserting the pan into an excavated

hole of similar size in the soil pit face below desired

sampling depth to minimize disturbance to soil

structure. The pan sampler was pushed against the

roof of the excavated hole by backfilling underneath

the sampler to ensure good contact with the soil.

These pans were then plumbed to 4L HDPE collec-

tion bottles that were buried within the mineral soil.

To allow easy collection of water samples, two access

tubes for each collector protruded up through the

ground. A portable vacuum pump was used to empty

the collection bottles following most major storms

throughout the study period.

Analytical procedures

In this study, we are assessing the character of C in

both the dissolved and solid phases using several

macromolecular methods. The C:N ratio and the d13C

value of OM have been used as an indicators of the

degree of microbial alteration of fresh OM (e.g.

Baisden et al. 2002; Wynn et al. 2005), while 14C

measurements yield more direct information the

material’s age or mean residence time (Trumbore

2000).

While the above methods yield an overall assess-

ment of the degree of processing, spectroscopic

methods can yield more specific information on the

relative abundances of different classes of chemical

species present in a sample. Specific UV adsorption

(SUVA, L mgC-1 m-1), adsorption at 254 nm nor-

malized to DOC concentration, has been shown to be

a good indicator of the aromaticity of dissolved

humic substances (Chin et al. 1994; Weishaar et al.

2003). A much more direct and quantitative assess-

ment of the overall character of organic matter can be

obtained from 13C NMR spectroscopy (Baldock et al.

1992; Kogel-Knabner 1997). In particular, Baldock

et al. (1997) has shown that the relative abundance of

alkyl C to O-alkyl C is a sensitive index of the degree

of decomposition of organic materials with the ratio

increasing with increasing stage of decomposition.

While these methods yield detailed information on

the chemical composition and degree of microbial

alteration of OM, they only provide an indirect

assessment of the recalcitrance of the sample. We

attempt to reserve the use of the term recalcitrance

only to refer to the ease or difficulty in which

microorganisms can degrade a substrate. Recalci-

trance is due to both physical and chemical processes,

and chemically labile C may be physically protected

from biological processes (Ewing et al. 2006; Kleber

et al. 2005; Six et al. 2004).

Soil organic carbon analyses

Total organic C, total N and stable isotope ratios of C

were determined on the \2 mm fraction of bulk soil

Biogeochemistry (2008) 89:181–198 185
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samples using a Leico autoanalyzer interfaced with a

Finnegan Mat IRMS. Isotope results are reported

relative to the Pee Dee Belemite standard (Craig

1957):

d13C ¼ Rsample

Rstandard

; where R ¼
13 C
12C

:

For D14C analysis, soil organic C samples col-

lected in 2003 were first converted to CO2 by sealed

tube combustion using CuO as a catalyst followed by

cryogenic purification (Minagawa et al. 1984). The

purified CO2 was converted to graphite using a H2

reduction method (Vogel et al. 1984) and loaded into

targets for D14C analysis (in October, 2004) at the

Keck Center for Carbon Accelerator Mass Spectrom-

etry, University of California, Irvine. D14C was

calculated as:

D14C ¼ Asample

Aabs

� 1

� �
� 1000;

where Asample is the activity of the sample normalized

to its d13C value and Aabs is the activity of the

standard (0%), which represents approximately the
14C/12C ratio of the pre-industrial atmosphere.

Positive D14C values indicate incorporation of recent

atmospheric CO2 enriched in 14C produced by

nuclear weapons testing. The long-term accuracy

and precision (1r) of this technique on modern C is

better than 5% (Southon et al. 2004).

Solid-state cross-polarization magic-angle spin-

ning 13C nuclear magnetic resonance (CP/MAS
13C-NMR) spectra were obtained on selected intact

litter and demineralized soil samples. Demineraliza-

tion was accomplished by sequential treatment with

2% HF as described by Skjemstad et al. (1994). All

NMR spectra were acquired on a Varian Unity 200

spectrometer operating at a 13C frequency of

50.3 MHz located at the Waite NMR Center at the

University of Adelaide, Australia. A standard cross

polarization pulse sequence (Wilson 1987) was used

with a contact time of 1 ms. The duration of the

recycle delay was defined by a preliminary inversion

recovery experiment (Wilson 1987) and set to a value

[109 the inversion recovery time when the intensity

of all spectral resonances had become positive. For

each analysis, a measured mass of litter or soil (200–

300 mg) was packed into a 7 mm diameter cylindri-

cal zirconia rotor with Kel-F end-caps and spun at

5,000 ± 100 Hz in a Doty Scientific magic angle

spinning probe. Each free induction decay was

acquired using a sweep width of 40 kHz. Over an

acquisition time of 15 ms, 1,216 data points were

collected. All spectra were zero filled to 8,192 data

points. Data were processed with both Lorentzian and

Gaussian functions of widths 50 Hz and 0.005 s

respectively. Chemical shifts were externally refer-

enced to the methyl resonance of hexamethylbenzene

at 17.36 ppm. The signal intensity associated with

four broad spectral regions (Alkyl C—0–45 ppm; O-

alkyl C—45–110 ppm; aromatic C—110–165 ppm;

carbonyl C—165–210 ppm) corresponding to the

dominant forms of C present in the samples was

determined by integration using algorithms associ-

ated with the Varian NMR software. In addition,

variable spin lock NMR experiments were performed

using a 1 ms contact time and 5–7 spin lock times to

calculate values for the spin lattice relaxation in the

rotating frame, T1qH. The value of T1qH was

combined with the mass of the sample and its carbon

content to define the relative observability of organic

C in the samples relative to that of glycine (Baldock

and Smernik 2002; Smernik and Oades 2000a, b).

Dissolved organic carbon analyses

Field samples were filtered to \0.7 lm using What-

man GF/F glass fiber filters within 24 hrs of

collection and stored at 4�C in opaque acid-washed

HDPE bottles. While some fine colloidal organic C in

addition to truly dissolved organic C may reside in

this fraction, the 0.7 lm size was chosen instead of

0.45 lm because of the far superior particle loading

abilities of the glass fiber filters. We filtered multiple

samples using both filter sizes and found no signif-

icant differences in DOC concentration, d13C or D14C

values between the two filters.

DOC concentration in aqueous samples was mea-

sured on an OI Analytical model 1,010 analyzer (OI

Analytical, College Station, TX) by persulfate oxi-

dation following acidification with phosphoric acid.

The d13C value of DOC was determined by isotope

ratio mass spectrometry at the UC Davis Center for

Stable Isotope Biogeochemistry where CO2 gener-

ated by OI Analytical model 1,010 analyzer is carried

by a He stream to an infra-red gas analyzer (IRGA)

and a PDZ Europa 20–20 IRMS (PDZ Europa,
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Northwich, UK). The 13C/12C ratios of unknowns are

measured and compared to ratios of standard samples

(ANU Sucrose dissolved in milliQ water in concen-

trations ranging from 1 to 20 mgC l-1,

d13C = 26.5%).

DOC samples for D14C analysis and solid-state
13C-NMR analysis were filtered, acidified to pH \ 2

using 5% phosphoric acid, concentrated to *20 ml

on a rotary-evaporator and then lyophilized to a

powder. These powdered samples, between 50 and

250 mg dry weight, were then prepared for analysis

in the same manner as the solid OM samples. Due to

sample size requirements, NMR spectra were

obtained only on DOC collected in zero-tension

lysimeters. Radiocarbon analyses on DOC samples

were performed in the fall of 2005.

Ultraviolet (UV) absorption at 254 nm (a254) was

determined on a Shimadzu 1601 UV/Vis Spectropho-

tometer using a 1 cm quartz cell and milliQ water

(Millipore, Inc.) as the reference blank. These data are

reported as specific UV adsorption (SUVA = a254/

[DOC], l mgC-1 m-1), which has been shown to have

a strong positive correlation with the percent of

aromatic compounds in the sample (Chin et al. 1994;

Weishaar et al. 2003). When measuring natural water

samples, other dissolved constituents can potentially

contribute to the absorbance in the same wavelengths

of interest. Iron (as either Fe2+ or Fe3+) is found in

high concentrations in soil water and stream water

samples at Tennessee Valley. At this site, we

corrected for this interference due to Fe by subtracting

the theoretical absorption due to Fe alone based on

published molar extinction coefficients and the addi-

tive nature of absorption (Weishaar et al. 2003).

Batch adsorption experiment

Given the hypothesized significance of adsorption

and exchange reactions in controlling DOC concen-

trations and composition, the field measurements

were supplemented with a controlled batch adsorp-

tion experiment (e.g. Nodvin et al. 1986). Briefly,

triplicate 3 g dried surface (A1 horizon) and subsur-

face (A3 or Bt1 for TV and CC, respectively)

mineral soil samples were equilibrated with 30 ml

DOC solutions, derived from freshly collected litter

(CC) or surface soil contain live grass and roots

(TV), with concentrations varying from 0 (deionized

water) to 100 mgC l-1 overnight on a shaker table,

centrifuged and then filtered to 0.45 lm. Both stock

solution and equilibrated soil solutions were imme-

diately analyzed for DOC concentration and 13C

content. Here we focus on the isotopic results from

this experiment (see Sanderman and Amundson

2008) for more details).

Results

Soil profile DOC trends

At the forested site, DOC concentrations were highest

in O horizon leachates and were rapidly attenuated

with increasing depth (Fig. 1). At the coastal prairie

site, concentrations were highest immediately below

the main rooting zone and were attenuated at a

somewhat more gradual rate with depth than in the

forest. At both sites, macropore flow collected in

zero-tension lysimeters contained significantly more

DOC than matrix water samples collected with

tension lysimeters at the same depth.

Overall trends in DOC chemical characteristics

were very similar between these two sites despite

greatly contrasting vegetation and C distribution

patterns (Fig. 2). For all analyses we found a general

shift from fresher, more plant-like, OM near the

surface (i.e. high C:N ratio and low d13C value) to

more humified OM (i.e. low C:N ratio and high d13C

value) with increasing depth. At the forested site, C:N

ratios of DOM decrease from 45 in O horizon

leachates to \10 below 50 cm (Fig. 2), with a

concurrent shift in d13C values from -27.5 to -

23% and SUVA values from 4 to\2 with increasing

depth (Figs. 3 and 4). These shifts in C:N ratios and

d13C values of DOC closely follow the depth trends

in bulk SOM. At the coastal prairie site, the same

trends in decreasing C:N ratios, increasing d13C

values and decreasing SUVA values with increasing

depth were found, but the DOC differed more from

bulk SOM values than in the forest soil. For both

sites, one-way analysis of variance indicated that the

depth trends in DOC concentration, d13C, SUVA and

C:N ratio were significant at P \ 0.05. Additionally,

at similar depths, macropore water had higher DOC

concentrations, higher C:N ratios, lower d13C values

and higher SUVA values than comparable matrix

water samples (see Figs. 1 and 2 for statistical

summary).
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Fig. 1 Seasonal mean DOC concentrations at Tennessee

Valley (a) and Caspar Creek (b). Macropore samples are soil

water samples collected in zero-tension lysimeters and the

matrix water refers to samples collected in Prenart tension

lysimeters. Soil organic C content (mgC g soil-1) is shown for

reference. Error bars = 1 s.e. (n = 16). Significant differences

between macropore and matrix water samples at similar depths

are shown (ns, not significant; *P \ 0.05; **P \ 0.001;

***P \ 0.0001)

Fig. 2 Seasonal mean C:N ratio (a and e), d13C values (b and

f), D14C values (c and g) and SUVA (d and h) of soil and

dissolved organic matter at Tennessee Valley (top) and Caspar

Creek (bottom). Symbols the same as in Fig. 1. Error

bars = 1 s.e. (n = 16). Significant differences between mac-

ropore and matrix water samples at similar depths are shown

(ns, not significant; *P \ 0.05; **P \ 0.001; ***P \ 0.0001).

In the SUVA plots (d and h), the % lignin in the solid phase

samples determined by a bimolecular mixing model (Nelson

and Baldock 2005) using the 13C NMR spectra is also shown

for comparison
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Carbon-14

At the forested site, the D14C value of fresh litter was

102%, while the Oi and Oe horizons were 107 and

118%, respectively. When considered in combination

with changes in D14C values of atmospheric CO2

since the 1950’s (Levin and Kromer 2004), the

changes in D14C values indicate an increasing mean

residence time of carbon with depth within the litter

layer assuming that the C stocks in these horizons are

in approximate steady state (Gaudinski et al. 2000;

Trumbore 2000). The O horizon leachates had a value

of 111%, suggesting that the major source of this

DOC was not fresh litter but rather slightly older

organic components of the lower portion of the litter

layer (e.g. more enriched in bomb C than existed

within the past decade) that have been present and

cycling in the O horizon for a few years. With

increasing depth, the macropore D14C values

increased to a maximum of 180% and then decreased

to -80% at 100 cm (Fig. 2). Due to the movement of

the ‘bomb spike’ of atmospheric 14CO2 into the

terrestrial biosphere, the increase and subsequent

decrease in the macropore D14C values with depth

may indicate that this DOC is coming from progres-

sively older OM sources with increasing depth. At the

coastal prairie site where the sampling density is

lower in the upper soil horizons, we found a steady

shift from recent photosynthates near the surface

(annual grasses are indicative of that year’s atmo-

spheric value of 70%) to more 14C-depleted OM at

greater depths (-75% at 100 cm). Overall, we found

a similar trend of increasing DOC age with depth in

both soils.

Solid-state CP/MAS 13C-NMR spectroscopy

Well resolved solid-state CP/MAS 13C-NMR spectra

were obtained for zero-tension DOC samples from

Fig. 3 Solid-state CP/MAS 13C NMR spectra for soil and

macropore DOC collected at same depths at Caspar Creek

Fig. 4 Seasonal shifts in DOC

concentration and d13C values of

macropore water samples

collected at 10 cm at Tennessee

Valley. Hourly rainfall (mm, left

axis) at 10 cm plotted in

background

Biogeochemistry (2008) 89:181–198 189

123



Caspar Creek, with an average observability of C

relative to a gylcine standard of 75 ± 10%

(mean ± 1 s.d.). Unfortunately at Tennessee Valley,

high Fe concentrations in the soil solution, even after

passing samples through a cation exchange resin,

reduced the C observability to only 50 ± 13% and as

such the relative signal intensities listed in Table 2

should be only considered semi-quantitative. Addi-

tionally, we found that the precipitation of carbonate

salts in some DOC samples at Tennessee Valley

created a distinct peak at 168 ppm. The inorganic C

peaks were successfully removed from these spectra

by subtracting an idealized carbonate-only spectra

identified by a spectra separation technique called

proton spin relaxation editing (Smernik 2005) from

the original spectra (see Sanderman 2007).

The NMR spectra (Fig. 3) reveal that DOC

resembles highly-altered and chemically recalcitrant

OM rather than fresh plant residues. For all DOC

samples, we found a large and broad resonance in the

alkyl-C region (0–45 ppm) indicative of numerous

aliphatic compounds of varying chain length and

branching (Kogel-Knabner 2002). There was greater

resonance in the carbonyl-C region (165–210 ppm), a

major functional group of organic acids, in DOC than

in the bulk soil samples. Overall, these DOC spectra

are most similar to NMR spectra of more humified

fractions of OM such as those found in silt- and clay-

sized soil fractions (e.g. Baldock et al. 1992) and

mineral-associated density fractions separated from

soils (e.g. Golchin et al. 1994, 1995).

With increasing depth at Tennessee Valley, the

DOC samples showed decreasing abundances of

aromatic and carbonyl C and a relative enrichment

in alkyl C relative to O-alkyl C (Table 2). This drop

in aromatic C corroborates the decrease in SUVA

values presented in Fig. 2. At Caspar Creek, there

were no consistent trends in the abundance of

aromatic or carbonyl C, only a large increase in the

proportion of alkyl C to O-alkyl C. The relative

enrichment in aromatic C in the soil samples in Fig. 3

is due primarily to the abundance of char and not

lignin in these soils (Sanderman 2007). In fact, using

the biomolecular mixing model of Nelson and

Baldock (2005), we found that the lignin content in

the bulk soil samples dropped from 20–30% in litter

to \5% at a depths below 60 cm in both soils

(Fig. 2d, h). In contrast to the soil samples, results

Table 2 Percentages of total CP/MAS 13C NMR spectral

intensity associated with each major chemical shift region and

the calculated alkyl to O-alkyl C (A/O-A) and aromatic to

O-alkyl C (Ar/O-A) ratios for DOC collected from zero-tension

lysimeters and associated soil samples from the Tennessee

Valley and Caspar Creek sites

Tennessee Valley

DOC SOM

Major shift regions 10 cm 20 cm 35 cm 50 cm Litter A1 horizon A3 horizon Bt2 horizon

Alkyl (0–45) 14.0 18.3 21.2 24.5 7.3 18.9 14.9 16.3

O-Alkyl (45–110) 39.2 42.1 43.9 44.9 74.2 43.1 34.9 37.2

Aromatic (110–165) 29.8 25.3 22.1 20.0 13.8 26.9 37.7 34.6

Carbonyl (165–210) 16.9 14.3 12.8 10.6 4.7 11.1 12.5 12.0

A/O-A ratio 0.36 0.44 0.48 0.55 0.10 0.44 0.43 0.44

Ar/O-A ratio 0.76 0.60 0.50 0.45 0.19 0.62 1.08 0.93

Caspar Creek

DOC SOM

Major shift regions TF 0 cm 7 cm 15 cm Fresh litter Oe horizon A1 horizon AB horizon

Alkyl (0–45) 23.1 19.1 22.0 24.3 14.1 13.0 14.5 15.3

O-Alkyl (45–110) 48.9 42.2 42.1 39.7 57.5 51.1 42.2 36.0

Aromatic (110–165) 17.4 23.4 20.4 24.6 23.5 28.2 32.7 39.6

Carbonyl (165–210) 10.6 15.3 15.5 11.4 5.0 7.6 10.6 9.1

A/O-A ratio 0.47 0.45 0.52 0.61 0.24 0.25 0.34 0.43

Ar/O-A ratio 0.35 0.55 0.49 0.62 0.41 0.55 0.78 1.10
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from this mixing model indicated that the aromatic

signal in all of the analyzed DOC samples was

dominated by lignin-derived compounds (data not

shown).

Seasonal DOC trends

At the more seasonal coastal prairie site, a pool of

readily leachable material builds up during the dry

season and is rapidly flushed with the onset of rains

(Fig. 4). After this initial flushing, the d13C values of

DOC shift from low plant-like values to more

enriched soil OM-like values. This temporal trend

also shows that this potential DOC pool can be

replenished with a mixture of fresh and older OM

sources after a several weeks without appreciable

precipitation (see Jan–Feb period in Fig. 4).

Radiocarbon results also show that there is a shift

in DOC sources toward older soil OM pools later in

the rainy season (Fig. 5). NMR results indicate a

decreasing contribution from the O-alkyl region

(fresh easily decomposed carbohydrates), and a

subsequent increase in the A/O-A ratio, as the season

progresses.

A similar flush of DOC from the surface horizons

during the first few storms was also observed at the

forested site. Here, DOC concentrations in excess of

80 mgC l-1 were found at 3 cm, but dropped to

values fluctuating around 20 mgC l-1 (data not

shown) by January. However, the chemical charac-

teristics of the DOC did not seem to be quite as

variable as those found at the coastal prairie site, with

a mean d13C value of -27.7 ± 0.5 (s.e., n = 13) and

mean SUVA value of 3.5 ± 0.2. No significant

seasonal trends in these two parameters were found.

In general, the surface horizons showed the

greatest seasonal chemical variability, with much

smaller fluctuations with increasing depth at both

field sites. Relative standard deviations (RSD)

decreased from [100% in surface macropore water

samples to \20% in matrix water samples below

50 cm depth.

Batch adsorption results

All 4 soils had a high propensity to adsorb DOC,

while the surface horizons also had a propensity to

desorb C into solution, which for the range of starting

DOC concentrations used in this experiment were

described well by the initial mass isotherm (Sander-

man and Amundson 2008). Equilibrated solutions

were consistently enriched in 13C relative to the

initial DOC following equilibration regardless of net

adsorption or desorption (Fig. 6). The difference

between initial and final DOC d13C values increased

with increasing degree of desorption.

Fig. 5 Seasonal changes in D14C values and the alkyl/O-alkyl

C ratio as determined by solid-state CP/MAS 13C NMR

spectroscopy in soil DOC samples collected at 10 cm depth

from Tennessee Valley

Fig. 6 The d13C value of DOC after batch adsorption for all

starting concentrations plotted against amount of C adsorbed or

desorbed for A1 and Bt1 horizon soils at Caspar Creek. Low

initial DOC concentrations tended to show strong net

desorption, while high initial DOC concentrations tended to

show strong net adsorption. Initial DOC d13C value for all

starting concentrations, as well as the A1 and Bt1 horizon bulk

soil values are show in the background for reference
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Discussion

Soil profile DOC

As water percolates downward through the mineral

soil, the isotopic and spectroscopic properties of

DOC changed from those similar to fresh plant

residues to that more consistent with humified soil

OM. There were strong correlations between all of

these characteristics of soil DOC at both sites

(Table 3). Kalbitz et al. (2004) also found that greater

SUVA values were associated with more negative

d13C values. However, those authors concluded that

the decrease in d13C was due to additions of

decomposed organic material. At our sites, the d13C

of soil organic C increases with increasing depth,

which is most consistent with increasingly altered

material (Baisden et al. 2002; Wynn et al. 2005).

Additionally, lignin, which is the predominant non-

charcoal aromatic compound in SOM, does not

persist long in most well-drained soils (Baldock

et al. 1992) and lignin is depleted in 13C relative to

bulk plant material (Benner et al. 1987). Thus, the

stable isotope and UV adsorption trends in Fig. 2

represent a shift from relatively fresh to more altered

sources for DOC as water moves through the soil.

In a companion study, we conducted a bioavail-

ability experiment (Sanderman and Amundson 2008)

that provides direct support for the hypothesis that

DOC becomes progressively more chemically recal-

citrant with increasing depth. The %C mineralized

over a 2 month period decreased sharply with

increasing sampling depth (36% for throughfall,

27% for O horizon leachates and only 20% for A1

horizon leachates) and was positively correlated with

initial d13C and SUVA values (r [ 0.99 for both

measures, P \ 0.05, n = 3).

The cause of these depth trends in DOC is likely

complex, and could be due to selective absorption of

a chemically distinct fraction of DOC, the biodegra-

dation of the DOC in solution, exchange processes

with native SOM, or any combination thereof.

Several researchers have interpreted observations of

d13C enrichment in DOC (Kaiser et al. 2001b) and

soil C (Cleveland et al. 2004) with depth to be due to

the retention of 13C-depeleted hydrophobic com-

pounds in the upper soil horizons and the preferential

movement of 13C-enriched hydrophilic compounds

deeper into the mineral soil. Laboratory leaching and

sorption experiments have also shown an apparent

‘‘aging’’ of fresh lignin phenols (Hernes et al. 2007)

and amino acids (Aufdenkampe et al. 2001) due to

selective adsorption. While the profile trends in d13C,

C:N and SUVA (Fig. 2) could be explained by

selective adsorption, the 14C results can only be

explained by exchange reactions with older soil OM

because D14C measurements are corrected for any

fractionation by normalizing to a standard d13C

value. If selective absorption and/or degradation

were dominant, then the D14C values of DOC should

be similar to fresh plant litter given that the mean

residence time of water in the upper meter of soil is

on the order of days to months. Additionally, using
14C measurements, Froberg et al. (2007) demon-

strated that fresh litter leachates are almost

completely retained within the O horizon and that

DOC leaching into the mineral soil originated from

older C within the Oe and Oa horizons themselves.

Results from our redwood site substantiate these

findings. Thus, despite laboratory evidence for

Table 3 Correlation matrix for soil DOC chemistry at Tennessee Valley (n = 11 except for d15 N where n = 5). A/O-A is the alkyl

C/O-alkyl C ratio, Ar/O-A is the aromatic C/O-alkyl C ratio and %Ar is the % aromatic C as determined by 13C NMR spectroscopy

d13C d15N C:N SUVA A/O-A Ar/O-A %Ar

d13C .89* -.91*** .63* .76** -.85** .67*

d15N .89* -.89* .68* .94* -.98** .71ns

C:N -.91*** -.89* .70** -.84** -.86*** -.32ns

SUVA .63* .68* .70** -.74* -.80* .92**

A/O-A .76** .94* -.84** -.74* -.90*** -.97***

Ar/O-A -.85** -.98** -.86*** -.80* -.90*** .99***

%Ar .67* .71 ns -.32 ns .92** -.97*** .99***

ns, Not significant, *P \ 0.05, **P \ 0.01, ***P \ 0.001
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selective adsorption (i.e. Aufdenkampe et al. 2001;

Hernes et al. 2007), in these natural systems, a

continuous exchange between downward migrating

DOC with solid phase organic matter best accounts

for the distinct depth trends in C:N, d13C, D14C and

SUVA.

Exchange processes with the soil C pool can also

explain the batch absorption experiment result

(Fig. 6) that regardless of whether net absorption or

desorption of OC occurred, the DOC in solution

became enriched in 13C relative to the starting d13C

value of the DOC in solution. Kaiser et al. (2001b)

explained similar findings as the selective adsorption

of a 13C-depleted hydrophobic fraction (based on

sorption to XAD-8 resin) and the preferential release

of a 13C-enriched hydrophilic fraction. Because we

did not attempt to fractionate the DOC using resin-

exchange columns, we cannot directly support or

refute the interpretation of Kaiser et al. (2001b).

However, if the released hydrophilic fraction was

derived primarily from older OM sources, then their

explanation would fit well with our field observations

and interpretation.

Sources of DOC

The D14C (Fig. 2) and 13C NMR spectroscopy (Fig. 3

and Table 2) results indicate that fresh plant residues

comprise only a small fraction of field collected

DOC. While the 13C NMR spectra of DOC do not

resemble fresh plant residues, they also are not

representative of the bulk SOM pool, and are more

similar to spectra of the humified silt- and clay-

associated OM fractions found in a cultivated moll-

isol (e.g. Baldock et al. 1992) and heavier mineral-

associated density fractions found in alfisols, entisols

and oxisols (e.g. Golchin et al. 1994, 1995). Thus, the

field and laboratory results suggest that most field-

collected DOC within the mineral soil is derived from

humified SOM, and microbial processing of SOM

and aqueous/solid exchange likely contributes to the

majority of this potential DOC pool (Currie et al.

1996).

The portion of this potentially exchangeable C

pool that is accessible to the soil solution is likely

spatially limited to the linings of pores and aggregate

surfaces. These preferential flowpaths are often ‘‘hot

spots’’ for biological activity (Bundt et al. 2001).

Based on 14C measurements, Ewing et al. (2006)

found that C on aggregate surfaces was younger than

the bulk C pool and that these differences became

more pronounced with increasing depth. The 14C

measurements (Fig. 2) indicate that most soil DOC,

while significantly older than fresh litter, was

younger than the bulk C pool, and that these

differences were most pronounced in the macropore

water and with increasing depth. In contrast, water-

extractable organic matter, derived from disaggregat-

ed soil, at all depths in both soils had a similar D14C

value to that of the bulk soil (Table 4). These results

are consistent with the hypothesis that the soil

solution is interacting with a spatially limited C pool

that is smaller, but more dynamic, that the bulk C at

any given depth within the mineral soil.

Despite the more dynamic nature of the potential

DOC pool relative to bulk SOM, the field-collected

DOC, even within the O horizon, is rarely dominated

by the low molecular weight, hydrophilic and highly

labile organic compounds which are suggested by

studies that examine water-extractable OM from

fresh litter material (e.g. Kalbitz et al. 2003). This

apparent paradox is easily rectified by considering the

spatial and temporal pattern of DOC production,

consumption and collection. In the laboratory, col-

lecting DOC via a water-extraction yields a suite of

compounds that are immediately dissolved based

solely on their respective solubility characteristics.

These extractions are then either immediately ana-

lyzed or, if stored, kept in a state that minimizes any

microbial activity. However, in the field, the equiv-

alent of a pure water-extraction occurs within

micropores or within a thin film of water surrounding

the organic material. In near surface horizons, there

Table 4 A comparison of water-extractable organic matter

(WEOM) and bulk soil D14C values (%). WEOM was obtained

by shaking 10 g of oven dried\2 mm soil with 500 ml of DDI

water overnight and then centrifuging and filtering solution to

\0.45 lm

Horizon Bulk soil WEOM

Tennessee Valley A1 21.4 42.5

A3 -110.7 -52.5

Bt1 -285.7 -276.8

Caspar Creek O 107.3 111.0

A1 52.6 28.4

AB -142.3 -152.0

Bt -442.9 -488.0
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are highly active communities of microorganisms

that can metabolize many of these compounds within

hours of being released into solution (Fierer and

Schimel 2002, 2003). These ‘‘hot spot’’ regions are

connected to our sampling devices via slow mass

flow across a potential gradient (tension lysimeters)

or when the soil saturates and these regions become

connected to the macropore network (zero-tension

lysimeters). This delay between the actual production

and collection can result in an effective ‘microbial

filter’ of the most labile material (Wickland et al.

2007), which can represent a large fraction of total

DOC production (van Hees et al. 2005), creating a

situation where our field-collected DOC is in fact the

residue of this initial decomposition step.

The size of this potential DOC source pool is

clearly finite. We found that the 6 month rainy period

led to a pronounced decline in DOC concentrations

and a shift in isotopic and spectroscopic properties

towards more chemically recalcitrant OM (Figs. 4 and

5). The initial flush of DOC early in the season is

composed of both the byproducts of decomposition of

recent litter that built up in the soil during the long dry

season and that of a more stabilized SOM fraction.

The slow continued processing and release of a more

stabilized and chemically recalcitrant OM fraction

then sustains DOC production later in the winter.

Differences between the forest and grassland sites

Despite similarities between these sites, we found

that in the grassland soil there were consistently

greater differences in the C:N ratio, d13C and SUVA

values between the dissolved and solid phases than in

the forest soil. In the grassland, the majority of fresh

C substrate enters the soil as fine root turnover and

root exudates throughout the growing season, which

begins shortly after the arrival of winter rains and

peaks in early spring. This small but steady supply of

fresh leachable substrate within the soil contributes to

an overall DOC chemistry somewhat more interme-

diate between fresh plant-residues and humified

SOM. Support for this idea comes from the results

of Yano et al. (2000), who hypothesized that roots

were a large source of DOC within the soil based on

correlations between DOC and fine root biomass.

However, in the forest soil, C inputs are dominated

by litterfall at the soil surface and are distributed

throughout the year. Here, most of the processing of

fresh C substrate (and DOC production) occurs

within the litter layer. This fresh DOC produced

within the litter layer makes only a small direct

contribution to DOC collected within the mineral soil

leading to a more rapid shift in soil DOC chemistry

towards humified SOM with increasing depth in the

mineral soil.

Conceptual model

Based on our observations, large quantities of DOC

are produced from the decomposition of fresh plant

debris, either surface litter (forests) or roots/surface

litter (grasslands). This DOC is then advectively

transported downward with soil water. During trans-

port, the most labile fraction of an initially large DOC

pool undergoes microbial decay, partially decreasing

the total DOC concentrations (van Hees et al. 2005;

Wickland et al. 2007). In addition, the DOC under-

goes rapid exchange with soil exchange sites, further

reducing the total concentrations, but greatly chang-

ing the chemical nature through gross exchange

mechanisms. The result is that soil DOC concentra-

tions rapidly decline with depth to values close to

incoming rainwater, and the DOC that remains is

chemically mature and bears little resemblance to the

large influxes of DOC immediately above it in the

profile (Fig. 7).

There are two likely sources of OM for the initial

DOC pool: (1) the leaching of organic acids from

roots and fresh plant residues; and (2) the microbial

production of solubilizable organic compounds dur-

ing the breakdown of less-soluble material. The

leaching of fresh residues plays a significant role only

in the surface horizons and following long dry

periods. A portion of these fresh leachates are likely

metabolized so rapidly by microorganisms (van Hees

et al. 2005) that only a fraction of this DOC source is

actually collected in our lysimeters. Our work and

that in other studies (e.g. Currie et al. 1996) suggest

that the dominant process maintaining the DOC pool,

especially within the mineral soil, is microbial release

of smaller, more soluble compounds with a high

percentage of active functional groups (13C NMR

results suggest carboxyl and methyl groups are

particularly important) from the bulk SOM.

In these soils, the dominant mechanisms control-

ling the observed compositional shifts in DOC with

depth are exchange reactions with a potentially
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exchangeable or reactive soil pool (RSP) which may

be akin to the ‘‘kinetic zone’’ of organo-mineral

associations recently proposed by Kleber et al.

(2007). While significant exchange occurs, there is a

net trend towards adsorption that is primarily respon-

sible for the observed drop in DOC concentration with

depth. Additionally, microbial degradation of a small

labile fraction of the DOC and the potential for

selective adsorption (e.g. Hernes et al. 2007; Kaiser

et al. 2001b) combined with net downward transport

will tend to enhance both the recalcitrant nature of

DOC and the drop in concentration with depth.

Our model, emphasizing transport, exchange and

decomposition, is likely most applicable in fine-

textured mineral soils. Organic and sandy soils with

little adsorption capacity are known to be large

exporters of DOC (Aitkenhead and McDowell 2000;

Aitkenhead-Peterson et al. 2007; Meyer 1986) and

that the DOC from these soils is commonly chem-

ically similar to fresh plant leachates (Nelson et al.

1993). In these cases, microbial degradation of DOC

might be expected to be the dominant in situ loss

mechanism, with minimal exchange and greater

export to the aquatic ecosystem.

Conclusions

By utilizing both isotopic and spectroscopic analytical

techniques on the dissolved and soil phases of organic

matter, we were able to develop a conceptual model of

the nature and dynamics of DOC in some California

soils. In these fine textured soils, fresh C substrates do

not contribute significantly to the observed soil DOC

pool because they are most likely rapidly utilized by

microorganisms. Rather it is a more humified fraction

of the soil OM pool and its exchange with the aqueous

phase that determine the DOC composition. At sites

with greatly contrasting vegetation and C distribution

patterns, we found similar shifts in DOC chemistry

with increasing depth that also paralleled those of soil

OM. Despite a trend towards strong net absorption

with depth, we found that DOC chemistry is altered

primarily through gross exchange reactions with a

potentially exchangeable C pool that is likely being

replenished through microbial processing of less

soluble organic matter. In these ecosystems, the

mineral soil acts as a physical and biological filter

for surficially derived DOC with the result being that

most of the DOC entering the mineral soil is either

quickly utilized by soil microorganisms or retained as

stabilized mineral-bound organic matter.
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