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Concentrations of dissolved organic carbon have increased in many, but not all, surface waters across acid
impacted areas of Europe and North America over the last two decades. Over the last eight years several
hypotheses have been put forward to explain these increases, but none are yet accepted universally.
Research in this area appears to have reached a stalemate between those favouring declining atmospheric
deposition, climate change or land management as the key driver of long-term DOC trends. While it is clear
that many of these factors influence DOC dynamics in soil and stream waters, their effect varies over
different temporal and spatial scales. We argue that regional differences in acid deposition loading may
account for the apparent discrepancies between studies. DOC has shown strong monotonic increases in areas
which have experienced strong downward trends in pollutant sulphur and/or seasalt deposition. Elsewhere
climatic factors, that strongly influence seasonality, have also dominated inter-annual variability, and here
long-term monotonic DOC trends are often difficult to detect. Furthermore, in areas receiving similar acid
loadings, different catchment characteristics could have affected the site specific sensitivity to changes in
acidity and therefore the magnitude of DOC release in response to changes in sulphur deposition. We suggest
that confusion over these temporal and spatial scales of investigation has contributed unnecessarily to the
disagreement over the main regional driver(s) of DOC trends, and that the data behind the majority of these
studies is more compatible than is often conveyed.
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1. Introduction

There have been widespread observations of increased dissolved
organic carbon (DOC) concentrations in surface waters across parts of
Europe and North America over the last two decades (Driscoll et al.,
2003; Worrall et al., 2004; Evans et al., 2005; Skjelkvale et al., 2005).
This has raised concerns about drinking water treatment and the
production of carcinogenic byproducts (Gallard and von Gunten,
2002; Holden et al., 2007), and the further possibility that climate
change is causing degradation of soil carbon stores (Freeman et al.,
2001a; Bellamy et al., 2005). In both cases there is a common
perception that DOC increases are likely to be environmentally
detrimental, and increasingly land managers are seeking guidance
from the scientific community with respect to practical methods to
control or even reverse these trends.
Several hypotheses have been put forward to explain increasing
DOC trends (Table 1). One hypothesized driver for increasing DOC
trends is a long-term change in the chemistry of atmospheric
deposition that has been recorded across many of these areas as a
result of reductions in anthropogenic sulphur and, in some locations,
seasalt deposition (Evans et al., 2006; Vuorenmaa et al., 2006; de Wit
et al., 2007; Monteith et al., 2007; Dawson et al., 2009; Hruska et al.,
2009; Oulehle and Hruska, 2009). However, others have rejected this
hypothesis, arguing that DOC trends aremore consistentwith changes
in rainfall, temperature and/or atmospheric carbon dioxide (CO2)
than declining atmospheric sulphur deposition (Worrall and Burt,
2007a; Eimers et al., 2008c; Lepisto et al., 2008; Sarkkola et al., 2009),
building on earlier studies suggesting relationships between these
drivers and increased DOC (Freeman et al., 2001a; Freeman et al.,
2004; Hongve et al., 2004; Fenner et al., 2007). Some reject the
deposition hypothesis outright as DOC concentrations have decreased
in some areas where acid deposition has declined (Clair et al., 2008).
Other drivers have also been suggested; these include changing
nitrogen deposition (Findlay, 2005), solar radiation in boreal lakes
(Hudson et al., 2003), and land management practices (Yallop and
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Table 1
Summary of published research about long-term trends in DOC concentrations. Sites are typically ‘acid sensitive’, with range of soils (peat, podzols and mineral soils) with forest and/or moorland vegetation cover. Countries are Canada (CA);
Czech Republic (CzR); Finland (FI); Norway (NO); Sweden (SE); United Kingdom (UK); United States of America (USA). *Significant monotonic trend that is either increasing (+), decreasing (-) or has no significant trend (nt). Information
not reported (nr). Acid deposition quantified in terms of sites with ‘high’ (H) or ‘low’ (L) deposition. Text typed in italics is information based on authors knowledge and not reported in the specific paper. Water body is classified as lake (L) or
stream (S). Statistical methods are summarized as: Seasonal Kendall test and Sen slope (SKT); Mann-Kendall test and theil slope (MKT); correlation (C); linear regression (LR); multiple linear regression (MLR); mixed-effect model (MEM);
process-based model (PM); artificial neural network (ANN); Student’s T-Test (TT). Table rows are ordered in terms of disagreement, agreement or no mention of acid deposition hypothesis as driver of DOC trends. NB this is a summary of
research and does not include all papers published on DOC trends.

Paper Region No.
Site

DOC trend* Driver of trend Catchment Monitoring Statistical
method

+ nt - Time period Sample
frequency

Seasalt
dep.

Acid
dep.

Nitrogen
enr.

Atmos. CO2 Temperature Preip./
runoff

Management Historic acid
deposition

Area
(km2)

Lake/
stream

Start End

Freeman et al. (2001a) UK 22 20 2 0 ✗ ✓ ✗ H–L 0.5–16 L/S 1988 2000 1–3 month SKT
Hudson et al. (2003) CA 9 nr nr nr ✗ ✗ ✓ nr 0.9–5.9 L 1978 1998 5–24/year MLR
Hongve et al. (2004) NO 24 24 0 0 ✗ ✓ H 0.1–9 L 1983 2001 N1 year TT
Worrall et al. (2004) UK 198 153 45 0 ✗ ✓ ✓ ✓ ✓ H–L 0.04–2100 L/S 1961/ 2000 nr SKT
Striegl et al. (2005) USA 1 0 0 1 ✓ L 831400 S 1978 2003 6–8/year ANCOVA
Worrall and Burt (2007b) UK 315 216 44 55 ✗ ✓ ✓ ✓ H–L nr L/S 1962/ 2002 1–4 weeks SKT/ MLR
Clair et al. (2008) CA 3 0 1 2 ✗ L 17–297 S 1983/ 2004 1 week SKT
Eimers et al. (2008a) CA 7 6 1 0 ✗ ✗ ✗ ✓ nr 0.1–1.9 S 1980 2001 1–2 weeks MKT/MLR
Lepisto et al. (2008) FI 1 0 1 0 ✗ ✓ ✓ ✗ L 3160 S 1962 2005 ∼3–1month MKT
Sarkkola et al. (2009) FI 8 7 1 0 ✗ ✓ ✓ L 0.2–4.9 S 1979 2006 b1–4weeks SKT/MEM
Hejzlar et al. (2003) CzR 1 0 1 ✓ H 438 S 1969 1983 1 day SKT; MLR

1 ✓ ✓ ✓ 1984 2000
Findlay (2005) USA 1 1 0 0 ✓ ✓ ✗ ✗ ✗ H 21 000 S 1988 2003 1–4 weeks LR
Evans et al. (2006) UK 11 11 0 0 ✓ ✓ ✓ ✗ H–L 0.5–16 L 1988 2003 3 month MLR
Vuorenmaa et al. (2006) FI 13 10 3 0 ✓ ✗ nr 0.3–4.36 L 1987 2003 1 month SKT/C/MLR
de Wit et al. (2007) NO 3 1 2 0 ✓ ✗ ✗ H 0.4–0.8 S 1985 2003 1 week SKT/MLR
Monteith et al. (2007) UK, SE, NO, FI, USA, CA 522 363 20 139 ✓ ✓ ✗ ✗ H–L nr L/S 1990 2004 nr SKT/MLR
Erlandsson et al. (2008) SE 28 nr nr nr ✗ ✓ ✗ ✓ H–L 210–26800 S 1970 2004 1 month MKT/MLR
Futter et al. (2008) FI 1 1 0 0 ✓ ✓ ✓ L 0.3 L/S 1992 2001 nr PM/ANN/ MKT
Dawson et al. (2009) UK 2 2 0 0 ✓ ✗ ✗ H–L nr S 1986 2007 ∼1 week MEM
Hruska et al. (2009) CzR 2 2 0 0 ✓ ✗ ✗ H 0.2–0.3 S 1993 2007 1 week LR/ SKT
Oulehle and Hruska (2009) CzR 11 9 2 0 ✓ ✗ ✗ ✗ H 8–74 L/S 1969 2006 ∼1 month SKT/MLR
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Clutterbuck, 2009). In the UK uplands, an increase in heather burning
has coincided with an increase in DOC concentrations (Yallop et al.,
2006; Yallop and Clutterbuck, 2009) and restoration practices such as
blocking of artificial drainage ditches are being carried out with the
intention of reducing DOC concentration at source prior to drinking
water treatment (Wallage et al., 2006; Armstrong et al., 2009).

Long-term trends in DOC concentrations (typically representing
change over the last two decades) can be orders of magnitude
smaller than spatial and seasonal variation (Table 2), making it
difficult to detect weaker trends (Fig. 1). Several studies have shown
that much of the larger seasonal and spatial variability can be
explained by processes and catchment characteristics controlling the
availability of soluble organic matter and subsequent hydrologic
transport (e.g. McDowell and Likens, 1988; Hope et al., 1997; Laudon
et al., 2003; Clark et al., 2007b). It is clearly necessary to distinguish
between cause-effect relationships influencing the spatial and
seasonal variability in DOC from those influencing long-term
changes if drivers of long-term trends are to be correctly identified.
Any factors invoked to explain long-term change must also show
(either individually or in combination) an appropriate long-term
trend. Otherwise, there is a risk that analysis will confuse variables
explaining larger spatial and seasonal variance with those respon-
sible for smaller changes in the annual level (i.e. mean annual
concentration).

2. A unified hypotheses for long-term DOC dynamics

2.1. Conceptual model of DOC dynamics in surface waters

DOC concentrations in surface waters at any one site can be
expressed using a time series model. In a general model, the
variation in the data can be decomposed in to a series of components
describing the level or overall mean value (α), long-term trend (T),
seasonal component (S) and random noise (N) (Chatfield, 1984). For
a specific DOC time series model, an additional term accounting for
inter-annual variation (IAV) is added, such that the generic model
for DOC concentrations in surface waters at time t in location
l becomes:

DOCtl = αl + Ttl + Stl + IAVtl + Ntl ð1Þ

This model underpins the synthesized time series shown in Fig. 1
and some of the components are represented in Table 1. The term α
will vary with location (l) due to differences in catchment character-
istics such as soil and vegetation and long standing land management
practices. S and IAV are driven principally by variations in tempera-
ture, precipitation, sea salt deposition (inmaritime regions) and snow
melt (in high elevation and/or high latitude areas) and N represents
short-term rainfall events. S, IAV and N will also vary in magnitude
between location depending on soil and catchment properties (e.g.
peatland or forested sites). T can be driven by any factor affecting the
Table 2
Example of variations in surface water DOC concentrations with spatial and temporal scale (
Change Network (ECN). Spatial variation illustrated with overall level and range in concentr
autumn concentrations (July, August, September) when DOC is at a maximum andmeanwin
range is less than the total range of concentrations seen within a year. Trend shows the Th
sampled monthly.

Site Location Overall level and range (

Median

Dargall Lane Burn −4.43E 55.08°N 2.0
Allt na Coire nan Con −5.61E 56.76°N 4.7
Coneyglen Burn −7.01E 54.74°N 9.2
Beagh's Burn −6.18E 55.12°N 13.6
Cottage Hill Sykea −2.38E 54.69°N 17.6

a ECN weekly data were resampled every month to be consistent with AWMN data.
processes of DOC production, solubility or transport over a long-term
time scale. T may also vary between locations due to inherent
catchment properties, management strategies or the magnitude of
change in the external driver(s) of DOC processes.

2.2. Hypotheses for driver(s) of long-term DOC trends

As noted above, hypothesized driving variables of long-term DOC
trends (Ttl) have included; acid sulphur deposition (Ta); seasalt
deposition (Tss); nitrogen deposition (Tn); temperature (Ttp); precip-
itation (Tp); atmospheric CO2 (TCO2

) and land management (Tm).
Therefore, the trend at any one location can be seen as a combination
of one or more of these drivers:

Ttl = Ttl;a + Ttl;ss + Ttl;n + Ttl;tp + Ttl;p + Ttl;CO2
+ Ttl;m + …: ð2Þ

We argue that the principle driver of DOC trends (whether these
trends show an overall monotonic increase, decrease or no change
with time) over the last two decades varies spatially with location. In
regions where acid deposition has been high, DOC trends have been
driven mainly by declining pollutant sulphur and seasalt deposition,
and these trends have been greater than trends driven by other factors
such as climate change (e.g. Fig. 1f,h):

TtH;a + TtH;ss N TtH;n + TtH;tp + TtH;p + TtH;CO2 + TtH;m + …… ð3Þ

Where H refers to locations in high deposition areas and t is the
last two decades. In regions where acid deposition has been low, acid
deposition is unlikely to be the main driver of DOC trends, such that:

TtL;a + TtL;ss b TtL;n + TtL;tp + TtL;p + TtL;CO2
+ TtL;m + …… ð4Þ

Where L refers to locations in low deposition areas and t is the last two
decades. Therefore, other factors may influence DOC trends in low
deposition areas (e.g. climate change), although themagnitude of these
trendsmay, in somecases, be too small todetect over seasonal and inter-
annual variability (e.g. Fig. 1e,g) and could also counteract each other.

In addition to the wider regional differences caused by historic
deposition loading, some specific locations may not respond to
changing acid deposition because soil and surface waters are well
buffered against changes in acidity. Therefore, Ta and Tss can vary in
magnitude between different locations with similar sulphur deposi-
tion loading. If land management has changed over the period
studied, it may impact on DOC trends within specific catchments
where intervention has occurred, and may or may not cause
comparatively large value for Tm at a specific location. However, if
land management has remained static over the period of interest, its
impact is most likely to be seen in terms of influencing the magnitude
of the overall mean concentration or level (α) and perhaps the
amplitude of the seasonal cycle (S).
1993–2007). Data from Acid Waters Monitoring Network (AWMN) and Environmental
ations between sites. Seasonal range shows the difference between the mean summer/
ter/spring concentrations (February, March, April) when DOC is at a minimum. Seasonal
eil slope estimate for the annual median concentrations. AWMN stream waters were

mg DOC/L) Seasonal range (mg DOC/L) Trend
(mg DOC/L/yr)

Min–Max Median Min–Max

0.1–8.5 1.2 −0.4–3.5 0.06
1.1–13.4 4.7 1.9–7.3 0.16
1.7–28.8 8.3 −2.4–12.1 0.15
3.3–37.0 13.3 4.8–28.8 0.34
3.5–41.5 16.2 11.1–24.6 0.10



Fig. 1. Synthetic time series to show how large seasonal and intra-annual variation can mask a weak long-term trend. Time series components used to generate each synthetic time
series are: (a) weak and strong linear trend (T); (b) regular seasonal cycle (S) and random inter-annual seasonal fluctuations (IAV) (e.g. to recreate wet and dry years); (c) combined
seasonal cycle and random variation adjusted to show a strong and moderate cycle (S+IAV); (d) weak and strong random noise (N). Synthetic time series produced are
representative of a typical British (e,f) moorland peatland stream, with low noise and strong seasonal cycle, and (g,h) forested (organo-mineral soil) stream with high noise and
moderate seasonal cycle. In both streams, the noise represents fluctuations that would be expected due to changes between base and storm flow.
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It should also be noted that interactions may exist between
catchment properties (such as soil type and land management) and/
or the different drivers of DOC trends, such that a multiplicative time
series model rather than simple additive model is more appropriate.
These details aside, the simple additive models (Eqs. (1, 2, 3 and 4))
illustrate how ‘competing’ theories about long-term DOC dynamics
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can be understood as a set of potentially complementary mechanisms
describing how various spatial and temporal factors affect the
processes of DOC production, solubility and transport at different
locations and under different conditions (Table 3). These relationships
are discussed in more detail in the following sections.

3. Process controls on DOC: biology, chemistry and hydrology

DOC production in terrestrial systems is a biological process. Low-
molecular weight highly degradable DOC is released by plant roots,
soil and aquatic microorganisms, whereas high-molecular weight
coloured aromatic and refractory DOC is released during decompo-
sition of organic material (Thurman, 1985). Release of labile DOC in
plant root exudates is thought to stimulate decomposition and
release of high-molecular weight DOC from soil organic matter
(Kuzyakov, 2002; Freeman et al., 2004). Therefore, biological DOC
production and consumption is controlled by factors affecting soil
organisms (e.g Cole et al., 2002), enzymes (e.g. Freeman et al.,
2001b) and plant growth (e.g. temperature, moisture, nutrient
availability, and atmospheric CO2), the quality of the DOC released
and its biodegradability (Kalbitz et al., 2003), and the quality of the
solid substrate to be decomposed. Generally, DOC concentrations are
greatest in freshwaters draining soils with high organic matter
content and high C:N, i.e. nutrient poor systems where production of
organic material is greater than decomposition (Aitkenhead and
McDowell, 2000).

Chemical processes and properties affect whether organic carbon
‘dissolves’ in water, in addition to influencing biological activity.
Organic carbon solubility is controlled by surface functional groups;
organic carbon dissociates by releasing protons (H+) and forms a
negatively-charged soluble species. This process is regulated by
chemical variables, particularly pH and ionic strength of the soil sol-
ution and the presence of polyvalent cations like aluminum (Al3+).
The degree to which DOC is influenced by these chemical properties
depends on its molecular structure. Two general chemical groups are:
humic substances (humic and fulvic acids) derived from plant ma-
terial that are not easily utilized by microorganisms and non-humic
substances like proteins and sugars that are easily consumed by
microorganisms (Thurman, 1985). Humic acids are typically the
coloured aromatic fraction seen in freshwaters (Thurman, 1985;
Table 3
Scale of spatial and temporal variation in drivers of DOC production, solubility and transpo
Weishaar et al., 2003), and can be removed during water treatment
using coagulants like Al3+ (Exall and Vanloon, 2000). Increased ionic
strength, and the associated input of polyvalent cations, also causes
coagulation and precipitation of organic carbon, particularly humic
acids. The sensitivity of humic acids to pH is utilised in standard
analytical procedure used to separate humic substances, as acidifica-
tion to pH 2 will cause humic acids to precipitate whereas fulvic acids
will remain in solution (Aiken et al., 1985). Increased acidity has also
been shown to slow biological activity and the production of DOC
(Andersson et al., 2000), while increased inputs of nitrogen may
increase biological productivity (Bragazza et al., 2006), and inputs of
acid anions like sulphate (SO4

2–) and nitrate (NO3
–) to wetland soils

can result in DOC consumption during redox reactions (Bartlett et al.,
2005).

Like chemical factors, hydrology has both a direct and indirect
control on DOC. Direct control occurs via the influence of hydrology on
the soil residence time and routing of DOC from soil to stream. In
organo-mineral soils, DOC transport increases as the water flow path
shifts from baseflow through the mineral soil layer (where DOC is
retained) to storm flow through the upper organic soil layers and litter
(where DOC is produced) resulting in an increase in DOC with storm
discharge (McDowell and Likens, 1988). In peats, DOC concentrations
are generally greater, and dilution or no change in DOC may occur
during storm events (Schiff et al., 1998; Laudon et al., 2004; Clark et al.,
2007a; Eimers et al., 2008a). However, irrespective of changes in
concentration, DOC flux increases with rainfall and runoff (Hope et al.,
1997) as the increased volume of water during runoff events is
typically several orders of magnitude greater than any dilution that
mayoccur (Clark et al., 2007a). Changes inwater volume also influence
the concentration/dilution of DOC, such that increases in DOC
concentration due to ‘evapo-concentration’ have been observed in
soils (Waiser, 2006), and decreases in DOC concentrations have been
noted for volume-weighted mean concentrations relative to the
observed mean values (Eimers et al., 2008b). Indirect effects of
hydrology on DOC include the influence of water content on biological
production and/or biogeochemical cycling and chemical controls on
solubility. In peats, increased DOC concentrations have been noted
after periods of prolonged drought (Watts et al., 2001). However,
episodic water table draw-down during drought periods (Clark et al.,
2005) and long-term draw-down caused by erosion gullies (Daniels et
rt.
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al., 2008) has been associated with decreased DOC due to sulphide
oxidation to SO4

2− and the associated soil water acidification and
decline in DOC solubility.

4. Scale controls on DOC: spatial and temporal (seasonal,
short-term inter-annual and long-term trend)

Variation in the spatial and temporal scale of the drivers of the
processes of DOC production, solubility and transport are summarized
in Table 3. Catchment factors determine whether conditions are
appropriate for DOC production and subsequent export to surface
waters. Fundamentally, DOC cannot be exported to surface waters if it
is not produced, therefore, biological production provide a primary
control on freshwater DOC. Since DOC is produced through incom-
plete decomposition of organic matter, it tends to be produced in wet,
cool and/or nutrient poor areas where decomposition is limited, and
soil organic matter content and C:N ratios are high (Aitkenhead and
McDowell, 2000). Spatial variation in the composition of soils,
vegetation, geology and topography will also affect the hydrological
and chemical regulation of DOC solubility and transport. Perhaps the
most consistent finding between studies of spatial controls on DOC
loss has been a clear correlation between DOC concentrations and
fluxes and the area of wetland/peatland in a catchment (e.g Hope et
al., 1997; Laudon et al., 2003; Creed et al., 2008). As areas with cool
and wet climates are associated with organic soil development, and
these organic rich soils release the greatest amount of DOC, DOC
concentrations in surface waters will also show a good correlation
with respect to spatial variations in rainfall and temperature (Tranvik
and Jansson, 2002). Land management practices may also vary
spatially, such that sites with artificial drainage ditches (Wallage et
al., 2006), heather burning (Yallop and Clutterbuck, 2009) and forest
management (Grieve and Marsden, 2001; Neal et al., 2001) may have
elevated DOC concentrations relative to undisturbed sites. However,
land management does not always have a significant impact on
freshwater DOC concentrations (Worrall et al., 2007a; Worrall et al.,
2007b), so the actual response to management is likely to depend on
particular site characteristics. Although important, spatial factors
cannot necessarily explain changes in DOC over time (Evans et al.,
2002).

Another consistent observation regarding DOC dynamics is a clear
seasonal cycle in many surface waters, which is often linked to
biological production and hydrological export of DOC. For a catchment
with high DOC concentrations, the seasonal variation in DOC is per-
haps the largest source of variation (Table 1). In peats (Fig. 1e,f),
where there is little change in stream water DOC with flow, sea-
sonality generally tends to follow the seasonal pattern in temperature
linked to biological production of DOC (Clark et al., 2005; Billett et al.,
2006; Koehler et al., 2009). In catchments with organo-mineral soils
or mixed soils (Fig. 1g,h), seasonality can be strongly influenced by
the hydrological regime, such that irregular variation in flow canmask
the seasonal temperature driven cycle in temperate regions (Dawson
et al., 2008) or create seasonal peaks in DOC exports during spring
snowmelt periods in boreal regions (Laudon et al., 2003; Buffam et al.,
2007). Inter-annual variability in rainfall can accentuate the seasonal
hydrological response such that the amplitude of the seasonal cycle
changes between wet and dry years (Fig. 1), which can account for a
significant proportion of the variance in DOC concentrations between
years (Vuorenmaa et al., 2006; Erlandsson et al., 2008). Seasonal
variation in seasalt deposition in maritime areas can also be linked
with seasonality in DOC, as inputs of chloride (Cl−) are associated
with increased mineral acidity during winter periods (Chapman et al.,
2008).

Trend is the long-term variation in DOC over several years
(Fig. 1a), and is typically one to two orders of magnitude lower than
the seasonal variation in DOC at a particular site, and also lower than
the spatial variation between sites (Table 1). A monotonic trend can
range from linear to distinctly non-linear but will always be in a single
direction. A trend may also represent a long-term oscillation that can
occur over decadal time scales (e.g. Erlandsson et al., 2008).
Importantly, the widely reported DOC trends across many sites in
Northern Europe and North America (Monteith et al., 2007) over the
last two decades are monotonic. Hence, any factor controlling DOC
production, solubility or transport that has also displayed amonotonic
trend across these regions could drive long-term DOC concentrations.
Possible regional drivers with an increasing or decreasing monotonic
trend include temperature (Freeman et al., 2001a), atmospheric CO2

(Freeman et al., 2004) and sulphur deposition (Monteith et al., 2007).
Over the past two decades in the UK and southern Scandinavia there
has also been a long-term trend in seasalt deposition resulting
primarily from a period of exceptionally high seasalt inputs in the late
1980s–early 1990s (Evans et al., 2001) that has not yet recurred. A
significant reduction in Cl– emissions (Dore et al., 2008) is also likely
to have led to a reduction in acid Cl– deposition in regions close to
major coal-burning sources. Year-to-year variation in rainfall is
common, but few regions experiencing long-term increases in DOC
concentrations show any indication of monotonic trend in annual
rainfall (Evans et al., 2006; Oulehle and Hruska, 2009) although
significant increases in winter precipitation have been noted in
Finland (Sarkkola et al., 2009).

5. Confusion of spatial and temporal scale

As noted above, DOC dynamics within soil and stream waters are
controlled by a number of different factors that influence the pro-
duction, solubility and transport at a range of spatial and temporal
scales (Table 3). As many of these drivers vary over both spatial and
temporal scales, it is not easy to attribute change in a particular driver
to the appropriate components of the DOC time series (Eq. 1).
Therefore, correct identification of the factors that account for the
majority of the variation in DOC depends on the spatial and temporal
scale of DOC variation studied. It is possible that conflicting explana-
tions for drivers of DOC trends have arisen in part because of confusion
over the scale of investigation. As seasonal and spatial variation in DOC
concentrations are orders of magnitude greater than the trend
(Table 1), any analysis of the raw data alone is likely to find that
spatial and seasonal drivers explain more of the variance as there is
simply more seasonal and spatial variance to explain. For instances, in
analysis of Canadian catchments, Eimers et al. (2008c) suggested an
inverse relationship between SO4

2− and DOC arises from seasonal
variation in catchment hydrology and sourcewaters;where highDOC-
lowSO4

2−waters fromwetlands dominate in summer and autumn and
low DOC-high SO4

2− waters from upland organo-mineral soils
dominate in spring. They argued that these seasonal relationships
due to catchment hydrology rather than chemical solubility could
explain long-term trends seen elsewhere. In a study of eight Finnish
catchments, Sarkkola et al. (2009) found that the area of peatlandwas
the most significant explanatory variable of annual and seasonal TOC
concentrations followed by precipitation and temperature. Together
these factors explained 56–71% of the seasonal and annual variance
but the extent to which they were able to explain long-term DOC
increase was not addressed. Although long-term monotonic trends in
temperature, winter precipitation and acid depositionwere also noted
alongside increasing DOC concentrations, the area of peatland and
annual and summer rainfall (whichdisplayedno long-termmonotonic
trend) were the most significant explanatory variables. No significant
relationship between DOC increases and declining atmospheric
deposition was found, however, deposition at these sites was lower
than other sites where relationships between deposition and DOC
have been found (Table 1). Hence in a spatial–temporal analysis,
explanatory variables with large spatial, and inter-annual variation
were more significant in explaining variation in the whole time series
than potential drivers of smaller magnitude long-term trends.
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Where relationships between declining in sulphur or seasalt
deposition and increasing in DOC has been found, analysis has usually
been carried out using surface water SO4

2− or Cl– concentration data
where seasonality was removed (Evans et al., 2006; Oulehle and
Hruska, 2009) and the spatial variation in DOC concentrations
between sites was reduced by considering the percentage change in
DOC rather the absolute value (e.g. Monteith et al., 2007). Hence, the
other spatial and temporal factors known to influence DOC were
removed from the data. The hypothesis suggests that acid deposition
has caused long-term suppression of ‘naturally’ variable DOC
concentrations, reducing overall annual concentrations in catch-
ments with organic rich soils where DOC concentrations would be
high. The mechanism would also be expected to decrease the
magnitude of the seasonal cycle driven by temperature and rainfall,
as chemical changes in solubility would decrease organic carbon
solubility throughout the year. This does not exclude roles of other
factors such as soil and vegetation in affecting DOC spatially, or
temperature and hydrology in affecting DOC seasonally; acid
deposition could have simply ‘dampened’ the DOC response to
these other drivers in these catchments. Other analyses support the
idea of multiple temporal scale drivers, with both dynamic
modelling and statistical approaches showing that seasonal and
short-term inter-annual variation can be explained by climate
whereas long-term variation can be attributed to changes in
atmospheric deposition (Vuorenmaa et al., 2006; Erlandsson et al.,
2008; Futter and de Wit, 2008; Oulehle and Hruska, 2009).

In many recent studies, attention has largely focused on separating
out drivers as if they are independent of each other, or indeed
competing. However, it is also possible that there may be an
interaction between drivers such that the product of changes in
both of the drivers is greater than the effect of each individual driver
alone. For instance, changes in temperature and CO2 (Fenner et al.,
2007) and temperature and water table draw-down (Clark et al.,
2009) have shown significant interaction and impact on net DOC
production in laboratory experiments. It is possible that changes in
temperature, precipitation and acid deposition could also show an
interaction with biological activity and hence DOC production. Such
interactions could modify the structure of the additive time series
model (Eqs. (1, 2, 3, 4)), as mentioned above.

Spatially, there is no reason to assume catchments with different
soils, vegetation cover and landmanagement practiceswill all showan
identical response to broad-scale regional drivers like declining acid
deposition. High water tables, SO4

2− reduction and the associated
attenuation of acidity (Morgan, 1995; Bottrell et al., 2004) may render
peatland areas insensitive to changes in sulphur deposition where the
deposition loading has been lower than the natural rate of biological
SO4

2− reduction (Clark, 2005). For instance, no significant monotonic
DOC trend was observed in a peatland stream (Clark et al., 2005)
during a period when significant increasing trends were observed in
other British catchmentswithmixed organic soil types (Freeman et al.,
2001a); soils and waters where buffering is mainly by the bicarbonate
system rather than organic acids, are also likely to showno response to
changes in acid deposition. Monteith et al. (2007) show that base
cation status governs the sensitivity of the DOC response to deposition
between catchments. Likewise, remote areas with little history of acid
deposition may not show the same trends as those in industrialised
regions (e.g. Striegl et al., 2005), or changes in deposition may be so
low and/or seasonal and short-term inter-annual variations (e.g.
rainfall, episodic drought-induced acidification) so large that they
mask any long-term deposition-driven trend e.g. (Fig. 1) (Hudson et
al., 2003; Clark et al., 2005; Eimers et al., 2008c; Sarkkola et al., 2009).
Conversely, it may be difficult to detect a long-term climate signal in
highly polluted areas where it is masked by a much stronger acid
deposition signal. This observation appears key in explaining the
contrasting conclusions reached about drivers of long-term DOC
change between those working in some of the most polluted areas
advocating a link with deposition (e.g. Evans et al., 2006; deWit et al.,
2007; Oulehle and Hruska, 2009) and those working in some of the
least polluted areas advocating climate (e.g. Clair et al., 2008; Lepisto
et al., 2008; Sarkkola et al., 2009).

6. Conclusion

Given the spatial heterogeneity between catchments and the
difference between factors driving seasonal, short-term inter-annual
and longer-term temporal variation, most of the explanations of DOC
dynamics are potentially compatible with each other. In acid impacted
regions, we believe that long-term trends in DOC over the last two
decades have been driven principally by declining atmospheric
deposition; but this explanation of long-term trends does not exclude
other spatial and temporal factors contributing to the overall
variability in DOC concentration. As levels of sulphur deposition
begin to approach background levels it is likely that longer-term
changes in the climatic drivers that currently describe much of the
within-year and short-term between-year variability will dictate the
direction of future DOC trends. Rather than being in conflict with each
other, we suggest that these contrasting studies are contributing to a
wider unified understanding of local to regional scale spatial
variability of DOC dynamics with respect to multi-scale temporal
drivers.

Acknowledgements

This research was funded by NERC (NE/D00599X/1). We thank the
Acid Waters Monitoring Network (AWMN) and Environmental
Change Network (ECN) for use of their data; and two anonymous
reviewers for their constructive comments that have helped to
improve the manuscript.

References

Aiken GR, McKnight DM, Wershaw RL. Humic substances in soil, sediment, and water:
geochemistry. Wiley, Toronto, Canada: Isolation and Characterisation; 1985.

Aitkenhead JA, McDowell WH. Soil C: N ratio as a predictor of annual riverine DOC flux
at local and global scales. Global Biogeochem Cycles 2000;14(1):127–38.

Andersson S, Nilsson SI, Saetre P. Leaching of dissolved organic carbon (DOC) and
dissolved organic nitrogen (DON) in mor humus as affected by temperature and
pH. Soil Biol Biochem 2000;32(1):1-10.

Armstrong A, Holden J, Kay P, Foulger M, Gledhill S, McDonald AT, et al. Drain-blocking
techniques on blanket peat: a framework for best practice. J Environ Manage
2009;90(11):3512–9.

Bartlett R, Bottrell S, Coulson J. Behaviour of sulphur during diagenesis of a maritime
ombrotrophic peat from Yell, Shetland Islands, UK. Appl Geochem 2005;20(8):
1597–605.

Bellamy PH, Loveland PJ, Bradley RI, Lark RM, Kirk GJD. Carbon losses from all soils
across England and Wales 1978–2003. Nature 2005;437(7056):245–8.

Billett MF, Deacon C, Palmer SM, Dawson JJC, Hope D. Connecting organic carbon in
stream water and soils in a peatland catchment. J Geophys Res 2006;111:G02010.

Bottrell S, Coulson J, Spence M, Roworth P, Novak M, Forbes L. Impacts of pollutant
loading, climate variability and site management on the surface water quality of a
lowland raised bog, Thorne Moors, E. England, UK. Appl Geochem 2004;19(3):
413–22.

Bragazza L, Freeman C, Jones T, Rydin H, Limpens J, Fenner N, et al. Atmospheric
nitrogen deposition promotes carbon loss from peat bogs. Proc Natl Acad Sci USA
2006;103(51):19386–9.

Buffam I, Laudon H, Temnerud J, Morth CM, Bishop K. Landscape-scale variability of
acidity and dissolved organic carbon during spring flood in a boreal stream
network. J Geophys Res-Biogeo 2007;112(G1):11.

Chapman PJ, Clark JM, Reynolds B, Adamson JK. The influence of organic acids in
relation to acid deposition in controlling the acidity of soil and stream waters on a
seasonal basis. Environ Pollut 2008;151(1):110–20.

Chatfield C. The analysis of time series: an introduction. London: Chapman and Hall;
1984. 286 pp.

Clair TA, Dennis IF, Vet R, Laudon H. Long-term trends in catchment organic carbon and
nitrogen exports from three acidified catchments in Nova Scotia, Canada.
Biogeochemistry 2008;87(1):83–97.

Clark, J.M., 2005. Environmental controls on the production and export of dissolved
organic carbon from an upland peat catchment. PhD Thesis, University of Leeds, UK.

Clark JM, Chapman PJ, Adamson JK, Lane SN. Influence of drought-induced acidification
on the mobility of dissolved organic carbon in peat soils. Glob Change Biol 2005;11
(5):791–809.



2775J.M. Clark et al. / Science of the Total Environment 408 (2010) 2768–2775
Clark JM, Lane SN, Chapman PJ, Adamson JK. Export of dissolved organic carbon from an
upland peatland during storm events: implications for flux estimates. J Hydrol
2007a;346:438–47.

Clark JM, Lane SN, Chapman PJ, Adamson JK. Link between DOC in near surface peat and
stream water in an upland peat catchment. Sci Total Environ 2007b;404(2–3):
308–15.

Clark JM, Ashley D, Wagner M, Chapman PJ, Lane SN, Evans CD, et al. Increased
temperature sensitivity of net DOC production from ombrotrophic peat due to
water table draw-down. Glob Change Biol 2009;15(4):794–807.

Cole L, Bardgett RD, Ineson P, Adamson JK. Relationships between enchytraeid worms
(Oligochaeta), climate change, and the release of dissolved organic carbon from
blanket peat in northern England. Soil Biol Biochem 2002;34(5):599–607.

Creed IF, Beall FD, Clair TA, Dillon PJ, Hesslein RH. Predicting export of dissolved organic
carbon from forested catchments in glaciated landscapes with shallow soils. Global
Biogeochem Cycles 2008;22(4):GB4024.

Daniels SM, Evans MG, Agnew CT, Allott TEH. Sulphur leaching from headwater
catchments in an eroded peatland, South Pennines, U.K. Sci Total Environ 2008;407
(1):481–96.

Dawson JJC, Soulsby C, Tetzlaff D, Hrachowitz M, Dunn SM, Malcolm IA. Influence of
hydrology and seasonality on DOC exports from three contrasting upland
catchments. Biogeochemistry 2008;90(1):93-113.

Dawson JJC, Malcolm IA, Middlemas SJ, Tetzlaff D, Soulsby C. Is the composition of
dissolved organic carbon changing in upland acidic streams? Environ Sci Technol
2009;43(20):7748–53.

deWit HA, Mulder J, Hindar A, Hole L. Long-term increase in dissolved organic carbon in
streamwaters in Norway is response to reduced acid deposition. Environ Sci
Technol 2007;41(22):7706–13.

Dore CJ, Murrells TP, Passant NR, Hobson MM, Thistlethwaite G, Wagner A, et al. UK
Emissions of Air Pollutants 1970 to 2006. Report for Department of Environment,
Food and Rural Affairs. UK: AEA Didcot; 2008. 194 pp.

Driscoll CT, Driscoll KM, Roy KM, Mitchell MJ. Chemical response of lakes in the
Adirondack Region of New York to declines in acidic deposition. Environ Sci
Technol 2003;37(10):2036–42.

Eimers MC, Buttle J, Watmough SA. Influence of seasonal changes in runoff and extreme
events on dissolved organic carbon trends in wetland- and upland-draining
streams. Can J Fish Aquat Sci 2008a;65(5):796–808.

Eimers MC, Watmough SA, Buttle JM. Long-term trends in dissolved organic carbon
concentration: a cautionary note. Biogeochemistry 2008b;87(1):71–81.

Eimers MC, Watmough SA, Buttle JM, Dillon PJ. Examination of the potential
relationship between droughts, sulphate and dissolved organic carbon at a
wetland-draining stream. Glob Change Biol 2008c;14(4):938–48.

ErlandssonM, Buffam I, Folster J, Laudon H, Temnerud J,Weyhenmeyer GA, et al. Thirty-
five years of synchrony in the organic matter concentrations of Swedish rivers
explained by variation in flow and sulphate. Glob Change Biol 2008;14(5):1191–8.

Evans CD, Monteith DT, Harriman R. Long-term variability in the deposition of marine
ions at west coast sites in the UK Acid Waters Monitoring Network: impacts on
surface water chemistry and significance for trend determination. Sci Total Environ
2001;265(1–3):115–29.

Evans CD, Freeman C, Monteith DT, Reynolds B, Fenner N. Climate change — terrestrial
export of organic carbon — reply. Nature 2002;415(6874):862.

Evans CD, Monteith DT, Cooper DM. Long-term increases in surface water dissolved
organic carbon: observations, possible causes and environmental impacts. Environ
Pollut 2005;137(1):55–71.

Evans CD, Chapman PJ, Clark JM, Monteith DT, Cresser MS. Alternative explanations for
rising dissolved organic carbon export from organic soils. Glob Change Biol 2006;12
(11):2044–53.

Exall KN, Vanloon GW. Using coagulants to remove organic matter. J Am Water Works
Ass 2000;92(11):93-102.

Fenner N, Freeman C, Lock MA, Harmens H, Reynolds B, Sparks T. Interactions between
elevated CO2 and warming could amplify DOC exports from peatland catchments.
Environ Sci Technol 2007;41(9):3146–52.

Findlay SEG. Increased carbon transport in the Hudson River: unexpected consequence
of nitrogen deposition? Front Ecol Environ 2005;3(3):133–7.

Freeman C, Evans CD, Monteith DT, Reynolds B, Fenner N. Export of organic carbon from
peat soils. Nature 2001a;412(6849):785.

Freeman C, Ostle N, Kang H. An enzymic ‘latch’ on a global carbon store — a shortage of
oxygen locks up carbon in peatlands by restraining a single enzyme. Nature
2001b;409(6817):149.

Freeman C, Fenner N, Ostle NJ, Kang H, Dowrick DJ, Reynolds B, et al. Export of dissolved
organic carbon from peatlands under elevated carbon dioxide levels. Nature
2004;430(6996):195–8.

Futter MN, de Wit HA. Testing seasonal and long-term controls of streamwater DOC
using empirical and process-based models. Sci Total Environ 2008;407(1):
698–707.

Futter MN, Starr M, Forsius M, Holmberg M. Modelling the effects of climate on long-
term patterns of dissolved organic carbon concentrations in the surface waters of a
boreal catchment. Hydrol Earth Syst Sc 2008;12(2):437–47.

Gallard H, von Gunten U. Chlorination of natural organic matter: kinetics of chlorination
and of THM formation. Water Res 2002;36(1):65–74.

Grieve IC, Marsden RL. Effects of forest cover and topographic factors on TOC and
associated metals at various scales in western Scotland. Sci Total Environ 2001;265
(1–3):143–51.

Hejzlar J, Dubrovsky M, Buchtele J, Ruzicka M. The apparent and potential effects of
climate change on the inferred concentration of dissolved organic matter in a
temperate stream (the Malse River, South Bohemia). Sci Total Environ 2003;310
(1–3):143–52.
Holden J, Shotbolt L, Bonn A, Burt TP, Chapman PJ, Dougill AJ, et al. Environmental
change in moorland landscapes. Earth-Sci Rev 2007;82(1–2):75-100.

Hongve D, Riise G, Kristiansen JF. Increased colour and organic acid concentrations in
Norwegian forest lakes and drinking water - a result of increased precipitation?
Aquat Sci 2004;66(2):231–8.

Hope D, Billett MF, Milne R, Brown TAW. Exports of organic carbon in British rivers.
Hydrol Process 1997;11(3):325–44.

Hruska J, Kram P, McDowell WH, Oulehle F. Increased dissolved organic carbon (DOC)
in Central European Streams is driven by reductions in ionic strength rather than
climate change or decreasing acidity. Environ Sci Technol 2009;43(12):4320–6.

Hudson JJ, Dillon PJ, Somers KM. Long-term patterns in dissolved organic carbon in
boreal lakes: the role of incident radiation, precipitation, air temperature, southern
oscillation and acid deposition. Hydrol Earth Syst Sc 2003;7(3):390–8.

Kalbitz K, Schmerwitz J, Schwesig D, Matzner E. Biodegradation of soil-derived dissolved
organic matter as related to its properties. Geoderma 2003;113(3–4):273–91.

Koehler AK, Murphy K, Kiely G, Sottocornola M. Seasonal variation of DOC
concentration and annual loss of DOC from an Atlantic blanket bog in South
Western Ireland. Biogeochemistry 2009;95(2–3):231–42.

Kuzyakov Y. Review: factors affecting rhizosphere priming effects. J Plant Nutri Soil Sc
2002;165(4):382–96.

Laudon H, Kohler S, Buffam I. Seasonal TOC export from seven boreal catchments in
northern Sweden. Aquat Sci 2003;66(2):223–30.

Laudon H, Kohler S, Buffam I. Seasonal TOC export from seven boreal catchments in
northern Sweden. Aquat Sci 2004;66(2):223–30.

Lepisto A, Kortelainen P, Mattsson T. Increased organic C and N leaching in a northern
boreal river basin in Finland. Global Biogeochem Cycles 2008;22(3):GB3029.

McDowell WH, Likens GE. Origin, composition, and flux of dissolved organic-carbon in
the Hubbard Brook valley. Ecol Monogr 1988;58(3):177–95.

Monteith DT, Stoddard JL, Evans CD, de Wit HA, Forsius M, Hogasen T, et al. Dissolved
organic carbon trends resulting from changes in atmospheric deposition chemistry.
Nature 2007;450(7169):537–9.

Morgan MD. Modeling excess sulfur deposition on wetland soils using stable sulfur
isotopes. Water Air Soil Pollut 1995;79(1–4):299–307.

Neal C, Reynolds B, Neal M, Pugh B, Hill L, Wickham H. Long-term changes in the water
quality of rainfall, cloud water and stream water for moorland, forested and clear-
felled catchments at Plynlimon, mid-Wales. Hydrol Earth Syst Sc 2001;5(3):459–76.

Oulehle F, Hruska J. Rising trends of dissolved organic matter in drinking-water
reservoirs as a result of recovery from acidification in the Ore Mts., Czech Republic.
Environ Pollut 2009;157(12):3433–9.

Sarkkola S, Koivusalo H, Laurén A, Kortelainen P, Mattsson T, Palviainen M, et al. Trends
in hydrometeorological conditions and stream water organic carbon in boreal
forested catchments. Sci Total Environ 2009;408(1):92-101.

Schiff S, Aravena R, Mewhinney E, Elgood R, Warner B, Dillon P, et al. Precambrian
shield wetlands: hydrologic control of the sources and export of dissolved organic
matter. Climatic Change 1998;40(2):167–88.

Skjelkvale BL, Stoddard JL, Jeffries DS, Torseth K, Hogasen T, Bowman J, et al. Regional
scale evidence for improvements in surface water chemistry 1990–2001. Environ
Pollut 2005;137(1):165–76.

Striegl RG, Aiken GR, Dornblaser MM, Raymond PA, Wickland KP. A decrease in
discharge-normalized DOC export by the Yukon River during summer through
autumn. Geophys Res Lett 2005;32(21):L21413.

Thurman EM. Organic geochemistry of natural waters. Dordrecht: Kluwer Academic
Publishers Group; 1985.

Tranvik LJ, Jansson M. Climate change — terrestrial export of organic carbon. Nature
2002;415(6874):861–2.

Vuorenmaa J, Forsius M, Mannio J. Increasing trends of total organic carbon
concentrations in small forest lakes in Finland from 1987 to 2003. Sci Total
Environ 2006;365(1–3):47–65.

Waiser MJ. Relationship between hydrological characteristics and dissolved organic
carbon concentration and mass in northern prairie wetlands using a conservative
tracer approach. J Geophys Res-Biogeo 2006;11(G2):G02024.

Wallage ZE, Holden J, McDonald AT. Drain blocking: an effective treatment for reducing
dissolved organic carbon loss and water discolouration in a drained peatland. Sci
Total Environ 2006;367(2–3):811–21.

Watts CD, Naden PS, Machell J, Banks J. Long term variation in water colour from
Yorkshire catchments. Sci Total Environ 2001;278(1–3):57–72.

Weishaar JL, Aiken GR, Bergamaschi BA, Fram MS, Fujii R, Mopper K. Evaluation of
specific ultraviolet absorbance as an indicator of the chemical composition and
reactivity of dissolved organic carbon. Environ Sci Technol 2003;37(20):4702–8.

Worrall F, Burt TP. Trends in DOC concentration in Great Britain. J Hydrol 2007a;346:
81–92.

Worrall F, Burt TP. Flux of dissolved organic carbon from UK rivers. Global Biogeochem
Cycles 2007b;21(1):GB1013.

Worrall F, Harriman R, Evans CD, Watts CD, Adamson J, Neal C, et al. Trends in dissolved
organic carbon in UK rivers and lakes. Biogeochemistry 2004;70(3):369–402.

Worrall F, Armstrong A, Holden J. Short-term impact of peat drain-blocking on water
colour, dissolved organic carbon concentration, and water table depth. J Hydrol
2007a;337(3–4):315–25.

Worrall F, Armstrong A, Adamson JK. The effects of burning and sheep-grazing onwater
table depth and soil water quality in a upland peat. J Hydrol 2007b;339(1–2):1-14.

Yallop AR, Clutterbuck B. Land management as a factor controlling dissolved organic
carbon release from upland peat soils 1: spatial variation in DOC productivity. Sci
Total Environ 2009;407(12):3803–13.

Yallop AR, Thacker JI, Thomas G, Stephens M, Clutterbuck B, Brewer T, et al. The extent
and intensity of management burning in the English uplands. J Appl Ecol 2006;43
(6):1138–48.


	The importance of the relationship between scale and process in understanding long-term DOC dyn.....
	Introduction
	A unified hypotheses for long-term DOC dynamics
	Conceptual model of DOC dynamics in surface waters
	Hypotheses for driver(s) of long-term DOC trends

	Process controls on DOC: biology, chemistry and hydrology
	Scale controls on DOC: spatial and temporal (seasonal, short-term inter-annual and long-term tr.....
	Confusion of spatial and temporal scale
	Conclusion
	Acknowledgements
	References




