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ABSTRACT

A simple, mechanistic hydrochemical model for DOC export was developed and
tested for a small, old-growth forested watershed on the Chiloé island in southern
Chile. Despite the important roles of DOC in both terrestrial and aquatic ecosystems,
there are few tested watershed scale DOC models published to date and, in general,
they have had modest success in reproducing observed stream DOC fluxes. The
model developed here coupled a simple Boussinesq-type hydrological model of lateral
subsurface flows from two soil layers and an Arrhenius-type model for DOC
production in soil water. One unique aspect of this model is that DOC production is
scaled to account for soil saturation. The streamflows were well simulated (r2=0.86).
Simulated stream water DOC concentrations also agreed well with observed values
(r2=0.80). Simulated soil water DOC concentrations were generally underestimated
for the shallow soil layer and overestimated for the deep layer compared to observed
values. Lysimeter sampling errors, lack of agreement between modeled and actual soil
layers and the relative position of the lysimeters in the watershed are discussed as the
possible causes of these deviations. In general, the model presented here captured the
DOC stream water trends in this old-growth forest better than similar models used in
other ecosystems. The simple structure of this DOC model may offer a good platform
to gradually and accurately increase its intricacy, providing a better understanding of
the inherent complexity of the processes regulating the carbon dynamics in forested
ecosystems.
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CHAPTER 1

HYDROCHEMICAL MODELING OF DISSOLVED ORGANIC CARBON OF A
SMALL, UNDISTURBED, OLD-GROWTH FORESTED WATERSHED IN
SOUTHERN CHILE

1. INTRODUCTION

Dissolved Organic Carbon (DOC) plays several important roles in terrestrial and
aquatic ecosystems. Through the formation of organic complexes, DOC can influence
nutrient availability (e.g. Stewart & Wetzel, 1981; Fernandez-Perez et al., 2005),
affect the solubility, mobility, and toxicity of metals (Reuter & Perdue, 1977; Martell
et al., 1988), and control the absorption of pesticides to soils (Senesi, 1992). DOC
also influences aquatic biological activity through light absorption (Davies-Colley &
Vant, 1987; Williamson & Zagarese, 1994) and may contribute significantly to
freshwater acidity through the formation of organic acids (Eshleman & Hemond,
1985). DOC is also linked to the formation of trihalomethanes as by-products of the
disinfection of drinking water with chlorine, which constitutes a potential threat to
human health (Siddiqui et al., 1997). Nevertheless, despite extensive research on the
biogeochemical processes controlling DOC dynamics (see review by Kalbitz et al.,
2000), there are curiously few successfully tested predictive DOC models at watershed
scale.

There is a general trend across biogeochemistry and hydrology towards increasing
model complexity, often to the point where individual processes cannot be tested with
meaningful measurements and model parameters cannot be independently determined
(Grayson et al. 1992, Baveye & Boast, 1999). Indeed, several modeling efforts for
1

DOC fluxes in terrestrial ecosystems explicitly simulate complex relationships
between DOC production and consumption, sorption reactions, and their spatial
relations throughout the soil profile, frequently without testing the model results
against field measurements (Parton et al., 1994; Currie & Aber 1997; Neff & Asner,
2001; Michalzik et al., 2003). While this type of approach allows researchers to
explore the importance of different processes, as well as the potential interactions
among them, it is evident from comparing modeling studies that increased model
complexity does not necessarily lead to increased accuracy of the model results (e.g.
Steenhuis et al., 1999). Complex models are usually subject to over-parameterization,
which prevents them from reaching their potential performance level (Perrin et al.,
2001). In addition, the knowledge about specific modeled processes is sometimes not
accurate enough to support a high model complexity. Thus, the performance of simple
models in some cases may be similar, if not better, than that of complex models.
Certainly, some of the most cited watershed scale DOC models are parsimonious and
their results have been tested against field data (e.g. Grieve, 1991; Boyer et al., 1996).
Although these models were able to capture the general seasonal patterns of stream
DOC, the authors provided no statistical analysis to compare observed and predicted
data in order to evaluate the model performance.

This study develops and tests a similarly simple model of watershed hydrology and
bulk DOC availability specifically for a small, old-growth, forested watershed in
southern Chile that receives very little atmospheric pollution and has no history of
major land use change. Attention to such systems offers valuable baseline information
for comparisons of nutrient retention, provision, and cycling strategies among forest
ecosystems (Matzner & Davis, 1996). Modeling old, minimally impacted systems
allows us to neglect complicating anthropogenic influences and, by assuming the
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system is in a state of long-term equilibrium (Vitousek & Reiners, 1975), we can
ignore net accumulation and loss processes.

The DOC model presented here is built on the general framework used by Grieve
(1991) and Boyer et al. (1996), based on new evidence about the origin of DOC in
forest soils while retaining a similar level of simplicity. This model also incorporates a
simpler yet more realistic hydrological model than previously published DOC models
at watershed scale.

2. ORIGIN AND FLUXES OF DOC IN FORESTED ECOSYSTEMS

Naturally occurring DOC is a composite of molecules from simple sugars to complex
fulvic and humic acids (McDowell & Likens, 1988). Fulvic acids are believed to
comprise the bulk of DOC, but it also contains several classes of low molecular weight
compounds such as aliphatic and aromatic organic acids, peptides, amino acids, monoand disaccharides, amino sugars, phenolics and siderophores (McKeague et al., 1986),
which account for no more than 5% of the total DOC (Van Hees et al., 2005). DOC in
forest soils is produced principally by litterfall decomposition, root exudation,
microbial activity, and leaching from humus in the soil (Qualls et al., 1991;
Guggenberger & Zech, 1994; Kalbitz et al., 2000; Yano et al., 2000; Kaiser et al.,
2001). However, the quantitative contribution of each source is a subject of
controversy.

Recent findings support the theory that shallow soil water DOC is relatively old (older
than 30 years) (Trumbore et al., 1992; Tegen & Dörr, 1996), and produced during
incomplete decomposition of recalcitrant soil carbon (Hagedorn et al., 2002, 2004),
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i.e. decomposition of complex humus molecules into smaller, recalcitrant moieties,
which become leachable (F. Hagedorn, pers. comm.). This decomposition probably
involves microbial as well as chemical and physical processes. The release of DOC
from fresh litter, although much larger than that from humified carbon (Moore &
Dalva, 2001), has been emphasized as an important source for heterotrophic
respiration (Gaudinski et al., 2000; Harrison et al., 2000). Thus, it is rapidly
assimilated by the soil microbial biomass prior to leaching, making minor
contributions to DOC in soil and stream water (McDowell & Likens, 1988; Qualls &
Haines, 1992; Trumbore et al., 1992; Tegen & Dörr, 1996; Zsolnay, 1996; Schiff et
al., 1997; Hagedorn et al., 2002, 2004, Van Hees et al., 2005). Based on this evidence,
the model presented here relies on the simplification that all DOC in soil and stream
water comes from recalcitrant soil carbon, and that biological DOC consumption can
be ignored since it exclusively affects tight recycling of labile DOC.

Export of DOC from forested catchments depends on a complex, seasonally and
spatially varying interplay of production, sorption, and hydrology (Cronan & Aiken
1985; Schiff et al., 1997). DOC production is strongly regulated by temperature,
which is considered the major factor influencing the dynamics of soil organic carbon
(Knorr et al., 2005). Indeed, the temperature-dependence of DOC production has
been reported in several studies, evidenced by observed DOC summer maxima (Vance
& David, 1991; Schindler et al., 1992; Guggenberger & Zech, 1994; Christ & David,
1996). To date, the most commonly used equation for modeling DOC production as a
function of temperature is the Q10 relationship, i.e. the factor by which the reaction
rate increases when the temperature increases by 10ºC (with respect to a reference
temperature), originally developed by Van´t Hoff (1898):
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⎛ T − T0 ⎞
⎟
10 ⎠

C = Q10 ⎜⎝

(1)

where C is the ratio of DOC production rate at field temperature (T) to DOC
production rate at a reference temperature (T0).

Eq. (1) was recently used by

Michalzik et al. (2003) to model DOC production in forest soils, and it has been also
extensively used for modeling organic matter decomposition (Kätterer et al., 1998).
Another model that has a long history is the exponential function proposed by
Arrhenius (1889):

C =e

⎛E
−⎜ a
⎝ R

⎞ ⎛⎜ 1 1 ⎞⎟
⎟⎜ − ⎟
⎠ ⎝ T T0 ⎠

(2)

where Ea is the activation energy (kJ mol-1) and R is the gas constant (8.314×10-3 kJ
K-1 mol-1). This equation has been used in several studies to model soil respiration
rates (Moore, 1986; Lloyd & Taylor, 1994; Leirós et al., 1999). Lloyd & Taylor
(1994) slightly modified the Arrhenius equation (Eq. 2) in order to improve its
temperature sensitivity:

C =e

⎛ 1
1 ⎞
⎟
− E0 ⎜⎜
−
⎟
−
−
T
227
T
0 227 ⎠
⎝

(3)

where E0 is the modified activation energy (K). This equation provides a similar, and
sometimes even better, description of the temperature response at lower temperatures
than Eq. (2) (Lomander, 2002).
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Soil saturation degree is another important factor influencing DOC production. It has
been observed that increasing water content enhance DOC production (Christ & David
1996), as well as soil respiration (Nyhan, 1976; Clark & Gilmour, 1983; Howard &
Howard, 1993). It has also been observed that cycles of soil drying and rewetting have
been related to large and rapid increases in soil respiration rates (e.g. Orchard & Cook,
1983; Bloem et al., 1992). Different models have been proposed to account for the
observed effects of soil saturation on soil respiration and organic matter
decomposition (e.g. Moore, 1986; Stott et al., 1986; Howard & Howard, 1993; Leirós
et al., 1999; Lomander, 2002), but in general experimental studies are scarce,
particularly for DOC production. Some authors (e.g. Leirós et al., 1999; Magid et al.,
1999) sustain that increased decomposition rates are probably due to associated
increased temperature rather than pure soil saturation effects. In fact, soil temperature
and saturation usually covary seasonally in temperate ecosystems, and although soil
temperatures are in general highest by late summer, potential evapotranspiration might
be strong enough to reduce soil water even in presence of high precipitation. Thus, the
development of models describing a combination of effects of temperature and soil
saturation is essential in order to realistically represent DOC production in forest soils.

Sorption reactions in the soil profile may also influence DOC fluxes and have, indeed,
been taken into consideration in a number of DOC models (e.g. Neff & Asner, 2001;
Michalzik et al., 2003). Adsorption has been shown to significantly influence the
concentrations of organic acids in soil solution (Jones et al., 1996; Jones &
Brassington, 1998; Ponizovsky et al., 1999; Hu et al., 2001), and is a central feature in
the podzolisation process (Farmer et al., 1980). Adsorption is usually considered to be
an irreversible process, since desorption rates are in general very slow, resulting in
long residence times of organic carbon in soils (Van Hees et al., 2003). The
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mechanism by which complex humus molecules are decomposed into smaller,
recalcitrant moieties that become leachable and eventually give origin to DOC in soil
and stream water probably involves microbial as well as chemical and physical
processes. The specific nature of these processes and their relative significance in
DOC formation, however, is a riddle still unresolved, but it is probable that desorption
is one of these processes. In fact, desorption increases with temperature (McBride,
1994), which is consistent with the conceptual framework of the DOC model
presented in this study. For this reason, however, their effects cannot be analyzed
separately. Although DOC adsorption may also be important controlling DOC fluxes,
is very unlikely that it plays a role in the case of the study site. In general, affinity for
DOC is higher in soils with high clay content and high iron and aluminum oxides
(Moore et al., 1992; Kaiser et al., 1996; Kaiser & Zech, 1998), and the clay content in
the soils of the study site is low (D.R. Vann, unpubl. data). These soils are also very
shallow, which minimize the surface available for DOC adsorption. Finally, oldgrowth, undisturbed ecosystems, like the study site, are essentially in equilibrium, i.e.
there is no net long-term (inter-annual) nutrient accumulation or loss (Vitousek &
Reiners, 1975), which means that DOC adsorption-desorption should be at steadystate. Therefore, sorption reactions were neglected, at least explicitly, in this modeling
study.

The transport of carbon to streams is strongly influenced by catchment hydrology, and
fluxes of DOC in stream water are usually linked to discharge and hydrological flow
paths. In general, DOC concentrations in stream water show a positive correlation
with discharge (Fisher & Likens, 1972; Schlesinger & Melack, 1981; Naiman, 1982;
Meyer & Tate, 1983; Grieve, 1984; Edwards & Cresser, 1987; McDowell & Likens,
1988). This relationship is attributed to the flushing of old soil water stored in the
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subsoil (Pearce et al., 1986) and previously bare areas of the stream channel (Casey &
Farr, 1982).

However, this correlation is sometimes weak (Bishop et al., 1990;

Grieve, 1991). Hysteresis effects often occur during storms, usually resulting in DOC
concentrations that are higher, at a given discharge, on the rising than on the falling
limb of the storm hydrograph (McDowell & Fisher, 1976; Moore, 1989; McGlynn &
McDonnell, 2003), although the reverse trend has also been reported (Edwards, 1984;
Grieve, 1984; Moore & Jackson, 1989). Thus discharge alone rarely explains all of
the variation in DOC concentrations in stream water. In fact, several authors have
pointed to the importance of the hydrologic flow paths in determining drainage water
composition and hence controlling DOC delivery (Cronan & Aiken, 1985). Upper soil
horizons of forested catchments are in general highly organic, and the content of
organic carbon is lower in deeper mineral soils (e.g. Edwards, 1984). Therefore,
watershed DOC models need to consider the relative contribution of water flowing
though different soil horizons because this largely controls stream DOC
concentrations.

3. METHODS

3.1. STUDY AREA

The study area is a small 1.2 ha watershed located in southern Chile, on the western
slope of Cordillera de Piuchén in the Chiloé National Park (42º22’S, 74º03’W) (Fig.
1). The Cordillera de Piuchén is the southernmost extension of the Coastal Cordillera,
a north-south trending mountain belt that flanks the western edge of Chile’s central
valley. The watershed was under intensive study between 1994 and 2000 as part of an
international research program, the Cordillera de Piuchén Ecosystem Study (CPES).
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The elevation ranges from about 650 to almost 690 m above the sea level. The upland
region is dominated by flat Magellanic moorland, consisting of tussock-sedge-cushion
plant vegetation (Zarin et al, 1998), which changes to steep slopes and dense forest to
the east (Salmon et al., 2001). The forested portion of the watershed consists of a
zone sheltered from direct winds dominated by the conifer Alerce Andino (Fitzroya
cupressoides), and east-facing slopes occupied by a transitional forest dominated by
Ciprés de las Guitecas (Pilgerodendron uviferum) and Tepual (Tepualia stipularis).

Stream water sampling point
648 m

Stream channel

Transitional
Forest

Coniferous
Forest
Lysimeter 1

Lysimeter 3

686 m

Moorland

Lysimeter 2

Figure 1. Schematic of the study watershed, showing location of lysimeters used to
collect soil water and location of the stream water sampling point.

The climate is humid, with annual average rainfall of 5,804 mm and temperature
ranging from 2.6 to 23.5 ºC over the two years of study. The periodic dry-up of the
stream during summer periods suggests no significant deep groundwater reservoir,
which seems especially valid considering the high annual precipitation.
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The soils in this small watershed have been provisionally classified as
cryofolists/cryaquents and are shallow ranging from 35 cm in the moorland to 70 cm
depth in the forest (D.R. Vann, unpubl. data). There are two identifiable soil layers: a
highly organic top layer, which varies in depth from 10 to 30 cm, and a mineral
bottom layer. Underlying the soils there is a highly weathered, impermeable bedrock
predominantly composed of quartzofeldspathic schists, pre-Cambrian to Paleozoic in
age (Zarin et al., 1998). The schists are heterogeneous in composition, containing
some chlorite and muscovite, with minor amounts of sphene, apatite, magnetite and
tourmaline (Watters & Fleming, 1962).

The physical description of this watershed fits the classic example of Dunne &
Leopold (1978) of an area hydrologically controlled by Variable Source Area (VSA)
processes with shallow subsurface lateral flow (interflow) dominating the hydrograph.

3.2. WEATHER AND STREAMFLOW DATA COLLECTION

Daily rainfall, temperature and streamflow data were collected over two years, from
February 12th, 1997 to February 12th, 1999. Precipitation was continuously measured
in a clear contiguous to the watershed using a Belford rain gauge, which was checked
and reset approximately every two weeks.

Streamflow was measured using two Parshall flumes (one high and one low capacity)
installed in series at the end of the basin. Stage-discharge relationships for each flume
were validated using periodic manual stream discharge measurements, and stage
measurements were continuously recorded using a Stevens recorder on a 16-day time
scale.
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3.3. DOC MEASUREMENTS

Precipitation samples were collected for chemical analyses every time the gauge was
reset. Stream water samples were collected periodically at 5 m upstream to the flumes
for chemical analyses. Three low vacuum suction lysimeter sites in the watershed
provided periodically information on soil water chemistry (lysimeter locations in Fig.
1). Shallow (10 cm) and deep (20 cm) soil water samples were collected at each site
by applying a 30 cm Hg vacuum over a 1-2 day period.

All water samples were filtered through a pre-rinsed Gelman A/E glass fiber filters
(<1 μm nominal pore size), stored in thoroughly rinsed clean HDPE bottles, kept on
ice for up to 6 hours, and subsequently refrigerated. Samples were collected in
duplicate, with HPLC-grade (High Pressure Liquid Chromatography) chloroform
(0.5% of final volume) added as a preservative to one of the two samples. Samples
were shipped by refrigerated air express to Cornell University for analysis. Water
samples were analyzed for DOC by high-temperature (850ºC) platinum catalyst
combustion, using a Shimadzu 5000 analyzer.

Note that as part of this study, a full suite of chemicals was analyzed, including the
conservative chemicals chloride and silica, which were used to validate the
hydrological model. See Salmon et al. (2001) for a full description of chemical
analyses.

3.4. MODEL DESCRIPTION

The conceptual model assumes a two-layer system with unique flow and DOC
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production rates. DOC production is function of temperature and soil saturation.
Transport of DOC from soils to stream water is function of discharge along specific
hydrological flow paths. The hydrological response of the catchment was simulated
using a simple lumped (i.e. non-distributed) model, which routed the discharge
through three basic flow paths: deep interflow, shallow interflow, and overland flow
(runoff).

3.4.1. HYDROLOGY MODEL

The hydrology model estimates the stream flow contributions discharging from the
shallow (< 30 cm) and deep (> 30 cm) soil layers. Based on field investigations
(Salmon et al., 2001), the model assumes two soil layers and no deep percolation
below the deep soil layer, as previously described. The model is a simple water
budget that updates the daily available soil water storages (Sshallow and Sdeep) in the
shallow and deep soil layers, respectively (Fig. 2). Precipitation and potential
evapotranspiration

(PET)

are

the

driving

meteorological

processes.

Evapotranspiration (ET) is estimated by the Thornthwaite-Mather (1955) soil-water
budget, which assumes that ET decreases linearly from PET for soil water content (θ)
above field capacity (θfc) to zero at the wilting point (θwp) (Steenhuis & Van der
Molen, 1986). ET is preferentially drawn from the shallow soil layer. Any water in
the shallow soil layer above field capacity is considered excess and may drain
vertically into the deep layer; as long as the lower is not at maximum capacity.
Shallow soil water in excess of saturation is considered overland flow and routed to
the stream during the day.
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Evapotranspiration
Thornthwaite-Mather Method

Precipitation
Overland Flow
Saturation Excess

Shallow soil
< 30 cm

Sshallow

Shallow Interflow

Drainage to deeper soil
f(excess)
Lateral drainage follows
the linearized
Boussinesq equation

Deep soil
> 30 cm

Streamflow

Deep Interflow

Sdeep

Impermeable bedrock

Figure 2. Schematic of the conceptual hydrology model.

Lateral subsurface flow, or interflow, from each layer is calculated using the linearized
Boussinesq (1903, 1904) description for lateral drainage (Brutsaert & Neiber, 1977):

Qi = α i ⋅ S i

(4)

where Qi is the subsurface lateral flow from soil layer i, αi is the linear reservoir
coefficient of soil layer i, and Si is the water storage in soil layer i. Streamflow is the
sum of overland flow and lateral flows from each of the soil layers, i.e. shallow and
deep interflows. Linear reservoir coefficients were calculated based on a small subset
of observed data using a recession analysis (Brutsaert & Neiber, 1977).
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3.4.2. DOC MODEL

The modeling approach used here describes the DOC budget in each soil layer
discretely expressed for daily time steps, and solved for the DOC concentration in soil
water at day (t), DOC(t):

DOC(t) = DOC P(t) + DOC(t −1) − DOC(t −1) ⋅ f (Q(t −1) )

(5)

where DOCP(t) is the DOC production in soil water at day (t), and DOC(t-1) is the DOC
concentration in soil water at previous day (t-1). The model assumes that at day (t) a
fraction of DOC(t-1) remains in soil water according to how much DOC was flushed
out during the previous day (t-1), which is expressed by the term DOC(t-1)·f(Q(t-1)) as a
function of the interflow from a soil layer at previous day (t-1), Q(t-1).

Eqs. 1-3 were used to predict daily DOC production in soil water for each soil layer.
The discussion here, however, will be limited to Lloyd & Taylor (1994) equation since
it performed slightly better than Eqs. 1 and 2 (see Appendix). The DOC production in
soil water at day (t), DOCP(t), is simulated using:

DOC P(t) = DOC0 ⋅ e

⎛
⎞
1
1
⎜
⎟
− E0 ⎜ T − 227 − T − 227 ⎟
0
⎝ (t)
⎠

S ⎞
⎛
⎡
⎜ −b (t) ⎟ ⎤
⎜ S
⎟
⎝
⎢1 − e max ⎠ ⎥
⎢
⎥
( −b)
1
e
−
⎢
⎥
⎣
⎦

(6)

where DOC0 is the DOC production at a reference temperature (T0); S(t) is the water
storage in a soil layer at day (t), and Smax is the maximum water storage in a soil layer
in the two years of study. DOCP(t) and DOC0 are expressed in terms of DOC
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concentrations instead of production rates since the time step is constant. The
bracketed term on the right-hand-side of Eq. 6 scales DOC production according to
how wet the watershed is, i.e. a function based on the soil saturation degree, S(t)/Smax,
within a soil layer, ranging from 0 (dry) to 1 (saturated). b is a calibration parameter
and it determines the curvature of the function. The rest of the terms were defined
earlier for Eq. (3).

The function f(Q(t-1)) can be intuitively chosen as the ratio Q(t-1)/Qmax, where Qmax is the
maximum interflow from a soil layer in the two years of study. This results in a
DOC(t-1) flushing that increase linearly with Q(t-1), ranging from 0 (no flow) to 1
(maximum flow).

Non-linear functions based on the ratio Q(t-1)/Qmax were also

explored in order to improve the model fit. The best fit was obtained with the
following non-linear function:
⎛ Q(t −1) ⎞
⎡
⎟ ⎤
⎜
⎟
⎜
⎢1 − e ⎝ Qmax ⎠ ⎥
f (Q(t −1) ) = ⎢
⎥
−
1
e
⎢
⎥
⎣
⎦

(7)

This term describes an exponential curve, also ranging between 0 and 1, which results
in almost a straight line. The theoretical implications of this function are discussed
later. Thus, Eq. (5) can be rewritten as:

⎛ Q(t −1) ⎞
⎡
⎟⎤
⎜
⎟
⎜Q
max ⎠
⎝
⎢ 1− e
⎥
DOC(t) = DOC P(t) + DOC(t −1) ⎢1 −
⎥
1− e ⎥
⎢
⎣
⎦

(8)

Water storage and interflow values for each soil layer are obtained from the
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hydrological model. Although soil temperature would be the most appropriate variable
to use here, we followed Boyer et al. (1996) and use air temperature as a surrogate.

Finally, the stream DOC concentration at day (t), DOCstream, is calculated as a mixture
of waters from overland flow and interflows from the shallow and deep soil layers:

DOCstream =

Qshallow ⋅ DOCshallow + Qdeep ⋅ DOCdeep + Qoverland ⋅ DOCrain
Qstream

(9)

where Qshallow and Qdeep are the interflow from shallow and deep soil layers,
respectively; Qoverland is the overland flow; DOCshallow and DOCdeep are DOC
concentrations in soil water in shallow and deep soil layers, respectively; and DOCrain
is the DOC concentration in precipitation, 0.3 (mg L-1), based on average measured
rainwater concentrations from the study site in the two years of study. Overland flow
is assumed to be the result of direct precipitation on saturated areas.

4. RESULTS AND DISCUSSION

4.1. HYDROLOGY MODEL

The hydrological model simulated streamflow well (r2=0.86) (Fig. 3). Although some
modeled peak values did not match the data, the model provided a good representation
of the observed baseflow, i.e. deep interflow. This is not surprising considering that
the model simulated shallow and deep interflows using linear reservoir coefficients,
which were calculated based on a small subset of observed data using a recession
analysis. The hydrological model was parameterized based on field measurements,
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and estimates were used when no measurements were available (Table 1). No attempt
was made to optimize the model and it showed lack of sensitivity to parameters that
were arbitrarily chosen, i.e. ± 10% variations in the unknown values resulted in less
than 10% changes in the standard error of the observed and simulated streamflow
values (data not shown). In spite of the crude approximation resulting from their
lumped nature and simple structure, the results demonstrate that lumped models may
be sometimes very efficient in predicting an integrated hydrological response. This
seems especially valid in the case of the small watershed in this study, which presents
low hydrologic heterogeneity.

As an independent verification of the calculated linear reservoir coefficients, they
were compared to values estimated using a physical description of the linear reservoir
coefficient (e.g., Brutsaert & Neiber, 1977; Mendoza et al., 2003):

0.3465 π 2 K i Di L2
αi =
φi A 2

(10)

where, for the soil layer i, Ki is the saturated hydraulic conductivity (m d-1), Di is the
soil depth (m), L is the total stream length (m), φi is the drainable porosity
(dimensionless), and A is the watershed area (m2). There was no replication for
measures of some field parameters, especially hydraulic conductivity. Estimations of
K at a single point were Kshallow = 5 and Kdeep = 0.1 (m d-1), based on Hvorslev tests
(Freeze & Cherry, 1979). Nevertheless, αshallow calculated with available field data
was within 10% of the value obtained from the recession analysis and αdeep was 0.01
(d-1), same order of magnitude as the value in Table 1. Thus the linear reservoir
coefficients used in this model are within reasonable physical limits.
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Figure 3. Observed and simulated streamflow for the study period. Insets show a) an
example short-period hydrograph and day-to-day level of agreement
between the model and observed data, and b) observed vs. simulated daily
streamflows.

To check the simulated interflows, stream concentrations of two conservative
chemical constituents, chloride and silica, were estimated using the simulated
interflows and average measured soil water concentrations for shallow and deep soil
layers. Streamflow concentrations were predicted as a simple mixing of the shallow
and deep simulated interflows, similarly to Eq. (9). The mixing model average stream
concentrations for chloride and silica were 4.4 ± 0.3 and 1.1 ± 0.4 (mg L-1),
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respectively, which were similar to the observed concentrations 4.1 ± 0.9 and 0.9 ± 0.6
(mg L-1), respectively, for the two years of study.

Table 1. Hydrology model parameters.

Parameter

Shallow Soil Layer

Maximum storage capacity, SCmax (m)
Available water capacity, AWC (m)
Linear reservoir coefficient, α (d-1)c
Drainage fraction, f
a

b
c

d

Deep Soil Layer

a

0.12
0.04a
0.81
0.80d

0.06b
0.02b
0.04
-

The soil storage parameters for the shallow soil layer were calculated from properties estimated in the
field: depth = 0.3 m, θsat = 0.8, θfc = 0.3, θwp = 0.2, SCmax = 0.3(0.8-0.2), AWC = 0.3(0.3-0.2)
Estimated as half the shallow soil layer capacity.
Determined from hydrograph recession analyses; values are averages from seven well defined
recession events (data not shown), std. dev. were 0.76 and 0.02 (d-1) for the shallow and deep soil
layers, respectively.
Calibration parameter; model is not sensitive to this value for f = 0.75 to 1.

4.2. DOC MODEL

4.2.1. STREAM DOC CONCENTRATIONS

The DOC model fits the observed stream water DOC concentrations well, r2 = 0.80
(Fig. 4). Interestingly, the agreement between observed and simulated concentrations
in stream water at watershed scale was slightly better than the original Lloyd & Taylor
(1994) results for forest soils. Although the discussion has been limited to Lloyd &
Taylor (1994) equation, we found that Van’t Hoff (1898) and Arrhenius (1889)
equations also gave similarly good results (r2 = 0.79) (see Appendix).
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Figure 4. Observed and simulated DOC concentration in streamflow. Inset shows
observed vs. simulated values.

Unlike the hydrological model, there were several unknown parameters which were
used to calibrate the DOC model, specifically DOC0, T0, E0 and b (Eq. 8) (Table 2).
The shallow soil DOC0 was higher than the deep soil DOC0, which was anticipated
since the shallow soils on the study site are highly organic. Although the values of
DOC0 are in the range of those reported for soil incubation experiments (e.g. Christ &
David 1996, Chow et al., 2003; Sjöberg et al., 2003; Wehrer & Totsche, 2005), the
diversity of incubation conditions, extractants used, and soil types made comparisons
to this study difficult. Values of the modified activation energy, E0, for shallow and
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deep soil layers were in the range of values previously reported for soil respiration
(Lloyd & Taylor, 1994; Leiros et al., 1999). E0 was lower for the deep soil layer, i.e.
the energy barrier that must be overcome for DOC production is lower than in the
shallow layer. This is probably compensatory for the use of air temperature instead of
soil temperature, which would decrease with depth, particularly during the most active
periods of DOC production.

Table 2. DOC model parameters (Eq. 8).

Parameter

Shallow Soil Layer

Deep Soil Layer

DOCo (mg L-1)
Eo (K)
To (K)
Soil saturation parameter, b

10.7
389
294
1.6

4.8
118
294
0.4

The reference temperature, T0, was 294 K (21°C) for both soil layers. The value of b
was higher for the shallow than for the deep soil layer, indicating that DOC production
in the shallow soils follows a logarithmic trend with respect to soil saturation. More
specifically, DOC production in the shallow layer does not begin to drop off due to
drought until the soil saturation degree, S(t)/Smax, is less than half.

The DOC

production in the lower layer, on the other hand, drops nearly proportionally to soil
saturation. This is perhaps not surprising, since the higher content of organic matter in
the shallow soil results in an enhanced water holding capacity compared to mineral
soil. Further research is needed, however, in order to draw more specific conclusions.
The non-linear function used for scaling DOC(t-1) (Eq. 7) describes an exponential
curve that increases with Q(t-1), resulting in a slightly reduced DOC flushing relative to
the use of the linear flushing function Q(t-1)/Qmax. This is likely to account for a small
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fraction of DOC(t-1) present in tightly bound soil water that is not immediately
incorporated into the hydrological flow and delivered to the stream, but until the next
day. The curve described by this function is the same for both soil layers, since no
calibration parameters were used. It is possible, however, that in fact the flushing
response of the two layers is different due to their particular soil characteristics.
Nevertheless, no additional fitting using a calibration parameter was attempted in
order to avoid increasing the model uncertainty.

4.2.2. SOIL WATER DOC CONCENTRATIONS

Although this DOC model did not provide fully distributed predictions of DOC,
simulated soil water DOC concentrations were compared with average observed
concentrations sampled using three lysimeters in the study watershed. Simulated
DOC concentrations for the shallow layer were slightly lower than observed shallow
lysimeter concentrations and simulated deep soil layer concentrations were generally
higher than the observed deep lysimeter concentrations (r2 < 0.4) (Fig. 5). The very
high lysimeter readings occurred during dry periods and probably represent relatively
tightly bound soil water that was not necessarily part of the hydrological flow. Indeed,
it is probable that the suction lysimeters sampled portions of the profile that did not
contribute substantially to the streamflow, which is not an uncommon problem
(Grossmann & Udluft, 1991; Lehmann & Schroth, 2003). It is also possible that the
structure of the modeled soil layers does not realistically capture the distribution of
DOC in the soil profile. Indeed, the average of both soil layers for the observed (6.0
mg L-1) and simulated soil water DOC concentrations (6.4 mg L-1) are very similar.
Finally, the relative position of the lysimeters in the watershed may not be
representative of the overall DOC response of the catchment, explaining at least in
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part the differences between observed and simulated soil water DOC concentrations.
In fact, it is likely that the soil water DOC most strongly influencing stream water
concentrations may be that in the riparian area within the coniferous forest, where
there were no lysimeters. McGlynn and McDonnell (2003) recently demonstrated that
the spatial distribution of soil water DOC plays an important role in stream DOC
concentrations and the model used here does not capture spatial variability. The
spatially distributed nature of soil DOC in watersheds may be related to the presence
of specific plant species, which have positive feedbacks with the soil reinforcing
patterns of nutrient availability in natural ecosystems through their uptake and use of
nutrients (Vitousek, 1982). Indeed, Aitkenhead & McDowell (2000) found that mean
soil C:N (carbon : nitrogen) ratios and consequently DOC exports in coniferous forests
are higher than in other forests.

Soil water DOC (mg L-1)
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02/12/1999

Simulated Deep DOC

Figure 5. Comparison between observed and simulated DOC concentration in soil
water. The error bars are +/- one standard deviation of measurements;
symbols with no error bars are based on a single measurement, usually due
to insufficient sample volume from the other lysimeters.
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One particular aspect of this model is that it does not consider exchange of DOC
between the two soil layers, i.e. the simulated lower concentration does not include
any DOC leached down from the shallow layer, and the shallow layer does not take
into account what would have been lost through leaching. However, because recharge
to the lower soil layer takes place under fully saturated conditions, it is likely that a
substantial portion of the vertically draining water by-passes the bulk of the upper soil
layer, traveling primarily through preferential pathways, and thus does not contribute
to DOC transfer between the two layers.

4.3. COMPARISON OF DOC MODELS

Comparing the results of the DOC model presented here to those previously published
using other similarly simple models, primarily the model of Grieve (1991) later
modified and tested by Boyer et al. (1996), it is evident that the simulated values
obtained in this study agreed better with the observed data. Unfortunately, Grieve
(1991) and Boyer et al. (1996) did not publish any statistics or other quantifiable
criteria to evaluate the accuracy of their models but rather characterized the
performance in qualitative terms.

Both models relate DOC production with

temperature using a power function at a constant rate, which is common (e.g. Moore,
1986; Vance & David, 1991; Schindler et al., 1992; Guggenberger & Zech, 1994;
Christ & David, 1996). Nevertheless, the reaction rate of processes related to soil
carbon dynamics, including DOC production, is not constant but temperature
dependent as well, as it is expressed by Eqs. 1-3, which is the reason the DOC model
presented here is based in three equations that estimate DOC production based on a
reference temperature.
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The models of Grieve (1991) and Boyer et al., (1996) also account for DOC
consumption as a temperature dependent first-order decay term, an issue that was sidestepped in this study based on evidence supporting that DOC consumption affects only
the labile DOC fraction which probably makes little or no contribution to DOC in
streams.

In fact, the inclusion of DOC decomposition may account for the

underestimation of DOC concentrations reported by Grieve (1991).

Similarly to

Grieve (1991) and Boyer et al. (1996), the simulated DOC in soil water in this study
only captured the broad patterns and statistical agreement was poor. Interestingly, it
appears to be similar to that achieved by Michalzik et al. (2003) using a much more
comprehensive, although less mechanistic, model. It is important to note that the
watershed of this study is substantially different from the wetland and alpine systems
studied by Grieve (1991) and Boyer et al. (1996), respectively.

4.4. IMPLICATIONS OF THE DOC MODEL

In recent years, several studies have evidenced long-term increases in DOC
concentrations in streams and rivers across Europe and the U.S. (e.g. Worrall et al.,
2003, 2004; Clark et al., 2004). The causes of the observed rises in stream DOC
concentrations are attracting considerable debate, being rising temperature due to
global warming one of them.
The importance of temperature in influencing decomposition of soil organic carbon
has already been stated. Nevertheless, the sensitivity of soil carbon pools to global
warming is a major uncertainty. Extensive evidence form experimental studies
indicate that decomposition processes are temperature dependent (Kätterer et al.,
1998). This tenet, however, was challenged by Giardina & Ryan (2000), who
suggested that organic carbon decomposition in soil is not sensitive to temperature.
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Using data from field measurements and laboratory incubations to calculate the
turnover time of soil organic carbon, i.e. is the inverse of the first-order rate constant
for the decomposition process, they concluded that turnover time was almost
independent of mean annual temperature over the range 5–35 ºC. Their analysis,
however, neglected not only the sensitivity of decomposition rates to temperature but
also the extreme heterogeneity of soil carbon, which include compounds with intrinsic
turnover times ranging from <1 yr to >6 x 103 yr (Trumbore et al., 1996; Davidson et
al., 2000; Trumbore, 2000).

Recently, Knorr et al. (2005) re-analysed Giardina & Ryan (2000) conclusions using a
simple three-pool model that partitions soil organic carbon into components with
different intrinsic turnover rates. Based on Arrhenius (1889) equation, they analyzed
experimental data from soil incubation experiments from an undisturbed site. To
explain the results, they found it necessary to have two active pools (one with a much
faster turnover time than the other), and a very slow, recalcitrant pool which was
effectively inert during the experimental period and accounted for 95% of total soil
organic carbon. They concluded that the recalcitrant carbon pool is more sensitive to
temperature than labile soil organic carbon, implying that the long-term positive
feedback of soil decomposition in a warming world may be even stronger than
previously predicted by global models. Arrhenius equation (1889) shows that the
higher the activation energy for a soil carbon pool, the higher the sensitivity to
decomposition at temperatures above the reference temperature. The opposite trend is
observed for temperatures below the reference temperature. This relationship is also
true for Lloyd & Taylor (1994) equation, and for Van’t Hoff (1898) equation as well
with increasing Q10 values. This is consistent with the DOC model presented here,
which is based in the simplification that, despite of the importance of labile soil carbon
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to DOC fluxes in terrestrial ecosystems, only recalcitrant, old carbon is contributing to
DOC in streams, and that temperature is a major driving factor of DOC production.

Increasing temperature is only one aspect of the climatic change evidenced by global
warming. Alterations of the hydrological cycles are also expected, including changes
in the intensity and patterns of precipitation, evapotranspiration and soil moisture. Soil
moisture degree is directly simulated by global climate models, albeit over a very
coarse spatial resolution, and outputs from these models give an indication of possible
trends (McCarthy et al., 2001). Reduced soil moisture in Northern Hemisphere midlatitude summers is expected as the result of higher winter and spring
evapotranspiration, caused by higher temperatures, reduced snow cover, and lower
rainfall inputs during summer (Gregory et al., 1997). Nevertheless, local patterns of
soil moisture will vary not only with the degree of climate change but also with soil
characteristics. Soils with lower water holding capacity will be more sensitive to
climate change, and waterlogging or cracking in soils due to changes in the
precipitation patterns may affect water storage properties (McCarthy et al., 2001).
Similarly, infiltration capacity and water holding capacity of many soils are influenced
by the frequency and intensity of freezing (Boix-Fayos et al., 1998). Thus, changes in
soil moisture patterns are difficult to estimate, since it is unclear whether regional
climate will become more variable. Therefore, streamflow DOC trends based on soil
moisture predictions are uncertain.

5. CONCLUSIONS

The simple model presented in this study provided a good representation of the stream
DOC response of a small, undisturbed, old-growth watershed, demonstrating the
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feasibility of parsimonious DOC modeling. Lloyd & Taylor (1994) equation provided
a good foundation for building a DOC model at watershed scale, although Van’t Hoff
(1898) and Arrhenius (1889) equations could be calibrated to provide reasonably good
fits as well.

The model results support the assumption that temperature, soil

saturation, discharge, and hydrological flow paths are the major factors controlling the
DOC response of the study catchment. The simple structure of this mechanistic
hydrochemical DOC model may offer a good platform to gradually and accurately
incorporate additional processes. Nevertheless, currently there are too many unknown
parameters to justify additional conceptual complexity, particularly because it is not
obvious how to determine the soil DOC production parameters a priori. The next step
is to incorporate spatially distributed processes and potential feedbacks arising from
the spatial variability of vegetation and soil characteristics.
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APPENDIX

Table A1.

DOC model parameters based on Van´t Hoff (1898) equation.

Parameter

Shallow Soil Layer

Deep Soil Layer

11.2
2.9
294
1.6

5.4
1.6
294
0.4

-1

DOC0 (mg L )
Q10
T0 (K)
Soil saturation parameter, b

Simulated DOC (mg L-1)

14

r2 = 0.79
Sim = Obs

12
10
8
6
4
2
0

Stream water DOC (mg L-1)

14
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Figure A1. Observed and simulated DOC concentration in streamflow, using Van´t
Hoff (1898) equation. Inset shows observed vs. simulated values.
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Table A2.

DOC model parameters based on Arrhenius (1889) equation.

Parameter

Shallow Soil Layer

Deep Soil Layer

11.7
79
294
1.6

5.4
30
294
0.4

-1

DOC0 (mg L )
Ea (kJ mol-1)
T0 (K)
Soil saturation parameter, b

Simulated DOC (mg L-1)

14

r2 = 0.79
Sim = Obs

12
10
8
6
4
2
0

Stream water DOC (mg L-1)

14

0

2

4

6

8

10

Observed DOC (mg

12

12

14

L-1)

10
8
6
4
2
0

12/01/1996

07/14/1997

02/24/1998
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10/07/1998

05/20/1999

Simulated DOC

Figure A2. Observed and simulated DOC concentration in streamflow, using
Arrhenius (1889) equation. Inset shows observed vs. simulated.
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