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Abstract Anthropogenic landscape alterations have increased global carbon transported by rivers to
oceans since preindustrial times. Few suitable observational data sets exist to distinguish different drivers
of carbon increase, given that alterations only reveal their impact on fluvial dissolved organic carbon (DOC)
over long time periods. We use the world’s longest record of DOC concentrations (130 years) to identify key
drivers of DOC change in the Thames basin (UK). We show that 90% of the long-term rise in fluvial DOC is
explained by increased urbanization, which released to the river 671 kt C over the entire period. This source
of carbon is linked to rising population, due to increased sewage effluent. Soil disturbance from land use
change explained shorter-term fluvial responses. The largest land use disturbance was during the Second
World War, when almost half the grassland area in the catchment was converted into arable land, which
released 45 kt C from soils to the river. Carbon that had built up in soils over decades was released to the
river in only a few years. Our work suggests that widespread population growth may have a greater
influence on fluvial DOC trends than previously thought.

1. Introduction

Global rivers transport, turn over, or store around 2.8 Pg of terrestrial organic carbon per year, a large fraction
of the net terrestrial production [Cole et al., 2007; Battin et al., 2009a; Regnier et al., 2013]. Fluxes of carbon to
world rivers have increased by 1.1 Pg C yr�1 since the preindustrial era (with a similar amount released from
them), and previous studies suggest soils as the main source [Regnier et al., 2013; Leach et al., 2016]. These
fluxes are a net C transfer between two of the world’s major carbon stores, the terrestrial biosphere and
the ocean, so it is important to elucidate the physical mechanisms that underlie this significant change
[Hope et al., 1994; Cole et al., 2007; Jansen et al., 2014] for informed decision making, policy development,
and insight into future trends. However, there are currently no long-term observations of key drivers and
responses, so long-term impacts of land use change on fluvial organic carbon concentrations and fluxes
remain poorly understood [Wilson and Xenopoulos, 2009; Hering et al., 2015; Putro et al., 2016]. Research
studies have typically used relatively short time series (usually post-1960) [Worrall et al., 2003; Monteith
et al., 2007] to examine dissolved organic carbon (DOC) in basins in boreal climates [Larsen et al., 2011;
Laudon et al., 2011; Couture et al., 2012; Ledesma et al., 2012; Tiwari et al., 2014] or those with organic-rich
(e.g., peat) soils [Worrall et al., 2004;Worrall and Burt, 2005; Evans et al., 2006]. The focus of such work has been
in largely rural, often upland basins which are sparsely populated. In these cases, the primary interest has
been aesthetic water quality [Mitchell, 1990], the formation of carcinogenic by-products during disinfection
with chlorine [Hsu et al., 2001], or loss of organic C stocks from the northern peatlands [Evans et al., 2006;
Laudon et al., 2011]. Several hypotheses have been proposed to explain these observed fluvial DOC increases
as driven by changes in temperature [Freeman et al., 2001;Worrall et al., 2004; Tian et al., 2013], atmospheric
CO2 [Freeman et al., 2004], atmospheric sulphur deposition [Clark et al., 2005; Monteith et al., 2007], nitrogen
deposition [Findlay, 2005], hydrology and precipitation [McDowell and Likens, 1988; Hongve et al., 2004;
Erlandsson et al., 2008], land use [Garnett et al., 2000; Anderson et al., 2013], or land management [Yallop
and Clutterbuck, 2009]. In contrast, there has been little focus to quantify fluvial organic C transfers from
terrestrial ecosystems to the oceans in lowland basins that host both intensive agricultural activity, and large
and growing human (predominantly urban) populations, mainly due to the absence of long-term data to
compare the relative influence of different drivers (past and present) of natural and anthropogenic activity
in such areas.
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Here we investigate the main drivers for the increase in fluvial DOC (Figure 1) in the temperate, lowland,
mineral soil-dominated Thames basin, which has a significant urban population, and estimate their relative
contributions. We develop a model linking basin properties and DOC release to the river by adapting a UK
nation-scale DOC export model [Worrall et al., 2012] and combine it with a model of the effects of land use
and land use change (LU and LUC) on soil organic carbon (SOC) release [Bell et al., 2011] to estimate the relative
influence of drivers of land use, climate, and population on DOC dynamics for the Thames basin since 1884.

2. Study Site

The River Thames basin (Figure 2) upstream of London, England, drains a 9948 km2 temperate, lowland,
mineral soil-dominated catchment. It is the second longest river in the UK, with a total length of 354 km
[Marsh and Hannaford, 2008]. It has a large urban population, which has grown fourfold since the 1880s.
The gauged Thames basin contains many major urban centers, including Swindon, Oxford, Slough,
Reading, and Maidenhead (Figure 2b). It provides two thirds of London’s drinking water [Environment
Agency, 2009]. Moreover, it has many sewage treatment works (STWs), related to its high human population
density (~960 people km�2) [Merrett, 2007]. Tertiary wastewater treatment has been installed at the 36 largest
STWs (serving approximately 2.7 million people) upstream of the tidal limit since 2003 [Kinniburgh and
Barnett, 2009]. The Thames basin population is expected to increase still further in the near future
[Environment Agency, 2009]. The continuing rise in the population of the basin will increase pressure on drink-
ing water supplies, wastewater treatment, water quality, and river ecology even further [Evans et al., 2003;
Neal and Jarvie, 2005]. Moreover, this pressure will probably worsen with projected climate change scenarios,
which predict decreasing river flows and increasing water temperatures [Johnson et al., 2009]. In spite of the
high population density, the Thames basin upstream of London is predominantly rural (87.7% land area in
2007 [Centre for Ecology and Hydrology (CEH), 2011]). The Thames basin is mostly underlain by Cretaceous
Chalk, with areas of limestone, mudstones, sandstones, and Oxford clay [Howden et al., 2011].

3. Model Setup

We predicted the riverine DOC concentration trend in the Thames River between 1884 and 2005 by estimat-
ing the contribution of natural and anthropogenic drivers. We achieved this by adapting a steady state model
that estimated DOC export from basin characteristics, land use, sewage effluents, and net losses at the UK

Figure 1. Time series plot of DOC concentration between 1884 and 2014 in calendar years. The light blue solid line shows
the monthly DOC concentration, the black solid line shows the approximately decadal Kernel moving average, the
black dashed lines show the smoothed range of the monthly DOC concentration, while the markers represent DOC con-
centration from various sources. DOC calibrated from color data (1883–1990) is in blue, DOCmeasured at Kew (1883–1900,
1903–1905) in yellow, DOC measured at Hampton (1899–1900, 1903–1905) in red, DOC measured by Thames water
(1990–1998) in pink, and DOC measured by Environment Agency (1998–2014) in green.
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scale [Worrall et al., 2012], and combining it with a model that captured the effect of land use transitions on
the release or sink of SOC [Bell et al., 2011].

3.1. SOC Stock Model

We adapted the parsimonious UK SOC model [Bell et al., 2011] to estimate the SOC stock for the Thames
basin. We used the Thames basin annual land use history from 1884 to 2005 [Howden et al., 2011, 2013],
together with typical basin-specific land use SOC concentrations, and first-order rate constants, which take
into account the change in SOC concentration following land use change. The model accounts for three
contributions: the SOC stock in areas in the basin that have not undergone land use changes since the
beginning of the record (equation (1)), the change in SOC stock due to land use transitions (loss or gain)
(equation (2)), and the loss of SOC stock due to increase in temperature (equation (3)).

The carbon stored in areas that have not changed their land use since the beginning of the record is

SOCstock ¼ K
X
i

Aid Ciρið Þ (1)

where K is a factor to equalize units, Ax is the area under land use i (km2), d is the depth of the soil layer
considered (cm), Cx is the organic C content of the soil for a given land use (%), and ρx is the soil bulk density
of a given land use (g cm�3).

Following Bell et al. [2011], we assumed that SOC transitions after land use change follow first-order
rate kinetics:

ΔSOCstock t�tL ¼ K
X
j

X
i

Ajid Ciρi � Cjρj
� �

e�λ t�tLð Þ (2)

where ΔSOCstock t�tL is C stock variation after land use change in the basin soils in year t> tL (where tL is the

Figure 2. Thames basin land use. (a) Location of the Thames basin in the UK. (b) Urban areas in the Thames basin.
(c) Thames basin land use history for arable, temporary grassland, permanent grassland, urban, and woodland, 1884–2005.
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year when the land use change occurred) (tons C), Axy is the area changed from land use j to i (km2) (which is
done for each combination of land use transition), and λ is the time constant which accounts for the time it
takes SOC concentration to adjust to a new concentration following land use change (yr�1). Equation (2) is
the sum of SOC stock each year in the soils of the Thames basin at depth d after all land use transitions have
been taken into account. Equation (2) accounts for both increases and decreases in SOC stock (e.g., a conver-
sion from temporary grassland to woodland would cause an increase in SOC stock over time, while a conver-
sion of permanent grassland to arable land would cause a decrease of SOC stock over time).

We modified the model to account for SOC changes due to temperature increase by using the study of Smith
et al. [2007]. We estimated the increase in soil respiration rate per 10°K temperature increase, Q10 [Kutsch
et al., 2009], from

Rt ¼ Rt0Q10

Tt�Tt0
10 (3)

where Rx is the soil respiration rate at Kelvin temperature Tx. Soil respiration rates were considered in equili-
brium with the mean annual temperature. Smith et al. [2007] suggest that the soil respiration rate doubles
with a temperature increase of 10°K (i.e., Q10 = 2), which gives a UK total soil respiration rate between 1.3
and 2.6 Tg C yr�1, equivalent to between 0.053 and 0.106 Tg C yr�1 scaled to the Thames basin area. To
account for the contribution of temperature increase, we assumed that the SOC values were in equilibrium
with the respiration rates of Smith et al. [2007] in the year before the start of the study (t0). This scenario used
the range of respiration rate proposed above as Rt0 , and estimated the range of Rt for every year with
equation (3).

We then subtracted the simulated respiration rates from the SOC stock to give a joint estimate of the SOC stock
after land use change and the effect of increasing temperature (i.e., loss of SOC due to increasing temperature
over the period due to increased soil respiration and therefore loss of C to the atmosphere) (equation (4)).

Total SOCstock t ¼ SOCstock þ ΔSOCstock t�tL � Rt (4)

We used the model in an uncertainty framework by randomly resampling 100,000 values from the observed
SOC concentrations from the range below their 75th percentile. Given that the SOC concentration distribu-
tions are right-skewed for the four land uses reported in the databases available (arable, temporary grassland,
permanent grassland, and woodland) (Table S1 in the supporting information and Figure 3), our procedure
has two advantages. First, no predefined distribution is superimposed to the data, as the data are randomly
sampled from the measured SOC concentrations reported in the databases, thus preserving the original
distributions. Second, by sampling below, the 75th percentile outliers are ignored and the mass of the distri-
butions is well represented. This procedure has the disadvantage that since we are sampling only from
observed values, SOC concentrations that have not been measured, but which are equally likely, are not
represented. However, given the extensive number of observed values, this should provide a good coverage
of the most likely SOC concentrations. Since we could not access the sampled measurement values for SOC
concentrations in urban areas, we used the SOC concentration in the urban area of Coventry from the study
of Rawlins et al. [2008] (Table S1). The data have similar mean and median, which suggests that the distribu-
tion is symmetric; therefore, we approximated the distribution with a normal, and we sampled from it. For
land use transition constants and soil bulk densities, their median values were chosen to avoid unrealistic
SOC content due to stochastic selection of both SOC concentration and bulk densities from the
top/bottom of their ranges.

Annual SOC fluxes were calculated as the interannual change in the SOC stock:

SOCflux t ¼ Total SOCstock t�1 � Total SOCstock t (5)

where SOCflux t is the flux of C from basin soils in year t (tons C); thus, SOCflux t< 0 represents C sequestration
and SOCflux t> 0 represents release of SOC to the atmosphere and water systems [Bell et al., 2011].

The median values (with the upper and lower quartiles) of the 100,000 simulations for SOC stock and flux are
plotted in Figure 4. The overall contribution from soils is roughly in balance over the period, even though we
acknowledge that due to the uncertainty of the data, it could be either a net sink or source. A UK nation-scale
study has shown that UK soils acted as an overall C sink over the period of 1925–2007, mainly due to the crea-
tion of woodland and the conversion of arable land into permanent grassland [Bell et al., 2011]. Future efforts
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Figure 3. Empirical density and cumulative distributions of soil organic carbon (SOC) content and soil bulk density (SBD) for
the four land use types in the SOC stock model. Available samples for arable (SOC: n = 592; SBD: n = 242), temporary
grassland (SOC: n = 205; SBD: n = 65), permanent grassland (SOC: n = 367; SBD: n = 111), and woodland (SOC: n = 82; SBD:
n = 65).
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will need to be directed toward further sampling of SOC concentrations of UK soils and on long-term field
studies to measure SOC change in order to reduce this uncertainty, given its potential implications.

3.2. Dissolved Organic Carbon Export Model

The DOC export model developed byWorrall et al. [2012] explored what are the physically meaningful catch-
ment characteristics controlling DOC fluxes from various UK catchments. An informed regression based on
169 UK catchments was obtained by selecting the variables which were both statistically significant
(p < 0.05) and physically meaningful. Moreover, only variables that could be mapped or extrapolated across
Great Britain were selected. The variables tested, which were not found to be statistically significant, are
reported in Table S2. The model obtained was

DOCflux ¼ 2:6Mineralþ 3:4OrgMinþ 9:2Organicþ 6:7Urbanþ 2:4Grass� 2:7Area

0:5ð Þ 0:6ð Þ 0:6ð Þ 1:1ð Þ 0:6ð Þ 0:5ð Þ (6)

where DOCflux is the average DOC flux (t C yr�1) and Mineral, OrgMin, Organic, Urban, and Grass are the area
of mineral, organo-mineral and organic soils, and area under urban development and grassland in the

Figure 4. Modeled SOC flux in the Thames Basin. (a) Modeled soil organic carbon fluxes resulting from land use change and
temperature increase between 1884 and 2005 estimated as the interannual variation of soil organic carbon stock. A positive
flux represents a loss of carbon from the soil to the atmosphere and water system; a negative flux represents carbon
sequestration in the soil. (b) Cumulative soil organic carbon flux between 1884 and 2005. The solid lines represent the
median values of the ensemble estimates, and the dashed lines represent the interquartile range.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003614

NOACCO ET AL. THAMES BASIN DOC EXPORT SINCE 1880 952



catchment (km2), respectively. Area is
the catchment area (km2). The
numbers in brackets are the standard
errors of the coefficients. The model
had r2 = 0.86.

We combined this steady state
model with the SOC stock model to
estimate the DOC flux from the
Thames catchment between 1884
and 2005. The main sources of
DOC in the catchment are from the

organic, organo-mineral and mineral soils, point-source discharges from wastewater treatment, and occa-
sional net releases following land use change (e.g., a conversion from permanent grassland to arable land
leads to decreased C storage within that land proportion). The main carbon losses occur due to in-stream
processing, for which we use catchment area as a proxy; mineralization from soils, for which we accounted
using temperature change in the land use change model; and occasional sinks/storages that occur follow-
ing certain land use changes (e.g., a conversion from temporary grassland to woodland leads to increased
C storage within that land proportion). Our final model was

DOCflux ¼ 2:6Mineralþ 3:4OrgMinþ 9:2Organicþ 6:7Urbanþ αSOC flux� 2:7Area (7)

where the relative presence of mineral and organo-mineral and organic soil types (86%, 12%, and 2%,
respectively) in the Thames basin is a proxy for the natural carbon baseline in the river coming from soils.
The α is the export coefficient of carbon from soils to surface runoff. The urban land use type is used for
two purposes. First, the transient term Urban in equation (7) allows for the increase in urbanization in the
Thames catchment throughout the period; this is a proxy for the increase in population, which brings an
increase in sewage effluent discharge, combined sewer overflows (CSOs), impervious surface runoff, indus-
trial wastewater, etc. [Tian et al., 2012]. Second, urban area is included in the synthesis of all land use
changes in the term SOC flux in equation (7), which is the annual SOC flux from the basin (from equa-
tion (5)). In this context we consider the amount of C that can be stored in urban soils (e.g., the conversion
of permanent grassland into urban area is a loss of C from soils, and so reduced C storage in the catch-
ment soils can lead to increased DOC export to the river). Grassland was originally used as a proxy
estimate of all land use states in the catchments over the period of record considered [Worrall et al.,
2012]. We substituted it with SOC flux, because it provides a representation of land use dynamics and
transitions, as this is more relevant to a 120 year study. This substitution could be done because the grass-
land predictor was not correlated to the other predictors in the national multiple linear regression, and
therefore, it was independent. The α = 0.0165 was derived from the export coefficient from soils to surface
and groundwater pathways (3%), and the surface runoff partition for the Thames basin (55%) [Howden
et al., 2011]. Therefore, 1.65% of the C lost from soils leaches to the river system. A summary of the para-
meters used in the model is provided in Table 1. The parameters most influential are those for the Mineral
and the Area terms, as these are the terms that contribute the most to the output. The SOC flux term can
also be negative, which means a decline in the baseline C export from the catchment. For example, a
change in land use from arable to grassland leads to negative SOC flux, i.e., increased C sequestration
in soil, and so less C export from soils compared to the baseline conditions when that area was under
arable land use. The Area term in equation (7) is used as a proxy for the in-stream removal of DOC along
the catchment, given that the area of the basin is used as a proxy for the length of the river, and therefore
for the in-stream residence time of DOC, and so a proxy for organic matter decomposition, photodecom-
position, flocculation, sequestration in sediments, etc.

DOC flux is estimated as the sum of the ensembles of 100,000 Monte Carlo estimates of each model term (i.e.,
input from soils, in-stream removal, and urbanization) and the ensemble of the 100,000 estimates of SOC flux
(see the preceding section). The estimated DOC concentration was then obtained by dividing the estimated
DOC flux by the average annual flow over the period. This was assumed acceptable given that annual mean
streamflow, even though is predicted to decrease in the future [Johnson et al., 2009; Jin et al., 2012], did not
change significantly over the period of 1884 to 2013 (p > 0.5) (Figure 5c).

Table 1. Key Parameters Used for DOC Export Model

Export Coefficient Units

Urbana 6.7 t C km�2 yr�1

SOC fluxb 0.0165 –
Mineral soila 2.6 t C km�2 yr�1

Organo-mineral soila 3.4 t C km�2 yr�1

Organic soila 9.2 t C km�2 yr�1

Areaa �2.7 t C km�2 yr�1

aFrom Worrall et al. [2012].
bFrom Howden et al. [2011].
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4. Data Description
4.1. DOC Concentration Data

Water color data and DOC concentration measurements (>20,000 samples) were obtained by statutory
authorities between 1883 and 2014 (Figure 1 and Table 2) for the Thames at Hampton (51.42°N, 0.37°W)
and at Teddington (51.43°N, 0.33°W), respectively. A review of the methods for measuring color (1883 to
1990) and DOC (1990 to 2014) and the calibration of DOC from color measurements is provided in the
following section.

Water color data between 1883 and 1974 were obtained by examining water (clarified by filtration if neces-
sary) by using a tube 0.6 m long and by comparing it to a solution of potassium dichromate and cobalt
sulphate (the so-called Burgess method), which has a yellow-brown color, in a second tube, as long as the first
[Burgess, 1902]. Enough of this solution is poured in the tube with distilled water to match the color of the
examined water and then reported as ratio of brown to blue, which stands for millimeter of the Burgess solu-
tion poured to match the color of the examined water [Thresh et al., 1943]. Water color data between 1974
and 1990 were measured by the Environment Agency which reported water color for samples in Hazen units
(equivalent to the platinum concentration in a standard solution of platinum/cobalt chloride salts of the same
absorbance/color [Department of the Environment, 1972; Worrall and Burt, 2007]), measured with absorpti-
ometer (601 filter or 430 mμ) [Simpson, 1980]. By examining a large number of samples of water, Hazen units
of color were found to correspond very closely to 2.2 Burgess units [Thresh et al., 1943]. Organic carbon

Figure 5. Time series plot of mean annual temperature, rainfall, and streamflow 1884–2013 in water years. The grey solid
lines show the annual mean values, and the black solid lines show the approximately decadal Kernel moving average.
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between 1883 and 1905 was obtained by measuring the amount of oxygen taken up by water from an acid
solution of potassium permanganate, while the amount of carbon in the organic matter present in the water
residue was determined with the eudiometric method devised by Frankland [Thresh, 1904]. DOC
measurements between 1990 and 2014 were defined within the establishment of the Harmonised
Monitoring Scheme (HMS) [Department of the Environment, 1972; Simpson, 1980].

The calibration between water color and DOC was performed for the water samples collected once per week
for the water years between 1899 and 1905 (correlation = 0.81, p < 0.001).

DOC ¼ 0:0955Colorþ 0:2103 R2 ¼ 0:66; n ¼ 194 (8)

This calibration was then used to estimate the time series of DOC from water color data for the period
between 1883 and 1990. It should be noted that this study has assumed that equation (8) was stationary with
time. However, Worrall and Burt [2010] have demonstrated that DOC-color relationships have shifted across
the UK over periods since 1974. However, in this study the estimates of equation (8) were compared with
independent DOC data collected during the early period by the Grand Junction Water Company (1883 to
1905). We further collated these data with DOC concentration data from Thames water (1990 to 1998) and
Environment Agency (EA) (1998 to 2014). DOC concentrations from these various sources were consistent
(Figure 1). Additional analysis to explore the consequences of the use of different analytical techniques is
presented in section 6.2.

4.2. Hydroclimate Data

Average monthly temperature and total monthly rainfall [Burt and Howden, 2011] data are available for the
Radcliffe Observatory, Oxford, from 1815 (Figures 5a and 5b). Mean annual temperature and rainfall for the
catchment at Oxford, which is centrally located within the basin, are 10.1°C and 652.7 mm (1883–2013,
standard deviation of 0.7°C and 114.1 mm), respectively. Continuous river flow records were available for
Teddington Weir from January 1883 (Figure 5c), with mean annual flow of 65.5 m3 s�1 (1883–2013, standard
deviation of 26.7 m3 s�1) (National River Flow Archive: http://www.ceh.ac.uk/data/nrfa/).

4.3. Data Used for SOC Stock Model
4.3.1. Land Use Data
Land use data comprised five categories: arable, temporary grassland, permanent grassland, woodland, and
urban. These categories are consistent with those used by other national-scale SOC stock-model studies
[Bradley et al., 2005; Smith et al., 2010; Bell et al., 2011]. In our classification arable lands include crops and bare
fallow; temporary grassland includes area under grassland arable rotation for less than 5 years; permanent
grassland includes rough grazing; woodlands include broadleaf-deciduous woodland, coniferous woodland,
and scrub/orchard; and urban includes urban and suburban. Woodland area was collated by linearly interpo-
lating data from Crooks and Davies [2001] for the period between 1870 and 1990 and from the Centre for
Ecology and Hydrology’s Land Cover Map 2007 (LCM 2007) [CEH, 2011]. Urban area was collated by linearly
interpolating data from Crooks and Davies [2001] for the period between 1870 and 1938, and from LCM 2007.
Urban area was then validated with the population data for the basin which confirmed the upward linear
trend. Agricultural (i.e., arable, temporary, and permanent grasslands) data collated by Howden et al. [2011]
were used, which originally come from parish records, and catchment Agricultural Census [Ministry of
Agriculture, 1986]. The data for these three land use categories are assumed to be a representative sample
of the relative importance of each of these land use types. Therefore, allowing for 5% of the area of the
Thames catchment under a land use not included in our five categories (e.g., mountain, heath, bog, and

Table 2. Data Provenance

Period Variable Unit Measuring Body Sampling Frequency

1883–1905 Color Burgess Grand Junction Water Company Daily
1883–1905 OC Parts per 100,000 Grand Junction Water Company Weekly
1905–1974 Color Burgess London Metropolitan Water Board 1905–1952: daily; 1953–1974: weekly
1974–1988 Color Hazen Thames Water Authority Monthly
1974–1990 Color Hazen Environment Agency 1974–1985: weekly; 1985–1990: monthly
1990–1998 DOC mg L�1 Thames Water Approximately monthly
1998–2014 DOC mg L�1 Environment Agency Approximately monthly
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inland water), we used the propor-
tion of each of these agricultural
areas to partition the residual area
(95% of the Thames basin area minus
urban and woodland) between
arable, temporary, and permanent
grasslands.

4.3.2. SOC Concentration Data
SOC concentrations for soils under arable, temporary grassland, permanent grassland, and woodland were
aggregated from seven databases to give a total of 1249 soil samples which considers an extensive range
of circumstances over which SOC was sampled in the Thames basin [Bell et al., 2011]: National Soils
Inventory (NSI) 1984 [Loveland, 1990], the National Soils Inventory (NSI) 2001 [Bellamy et al., 2005], the
Countryside Survey (CSS) 1978 [Black et al., 2002], the Countryside Survey (CSS) 1998 [Haines-Young et al.,
2000], the Representative Soil Sampling Scheme [Webb et al., 2001], and English Nature Woodland data
(EW Woodland) 2001 (Figure 3 and Table S1). All SOC concentrations refer to the top 15 cm of soil, which
is most affected by changes in land use and management [Kimble et al., 2000; Poeplau and Don, 2013].
Since none of the databases considered included measurements of SOC content in urban areas, and up to
now there are no measurements relating to the Thames basin, it was considered the best approximation
to utilize the estimates from Rawlins et al. [2008], as they relate to the topsoil (0–15 cm depth) for the urban
area of Coventry (Table S1).
4.3.3. Soil Bulk Density Data
Soil bulk density was computed from the amalgamated databases for SOC concentrations (see above) that
also reported bulk density (i.e., NSI 1984, NSI 2001, and EW Woodland 2001). Contrary to SOC, we used the
median value given the low variability of bulk density (Table 3). As none of the databases used reported bulk
density measurements for an urban area, the median value for arable land was used.
4.3.4. First-Order Rate Constants
First-order rate constants for each land use transition account for the time it takes for SOC concentration to
adjust to a new concentration following land use change. Values used come from synthesis of the literature
review performed by Bell et al. [2011] and are given in Table S3. When the half-lives were known, the first-
order rate constants were calculated by using equation (9)

λ ¼ ln 2ð Þ
t1=2

(9)

where λ is the first-order rate constant (yr�1), while t1=2 is the estimated half-life (yr).

Otherwise, half-lives were estimated by using information on SOC concentrations at different time inter-
vals or other qualitative information on time needed to reach new equilibrium. Transitions to or from
temporary and permanent grasslands were assumed to have the same first-order rate constants due to
a lack of distinction between the two in the literature sources. Due to a lack of specific information on
first-order rate constants for transition into urban, it was assumed that the transition would be instant,
given the removal of soil during construction. No transition out of urban or woodland was reported in
the Thames basin. The only transition into woodland reported was from arable; other transitions into
woodland were assumed to be the same. As an example, the time it takes for soils to adjust to a new
SOC concentration after conversion of permanent grassland to arable land is around 20 years, with a
half-life of 2.5 years (λ = 0.28). While for the inverse land use transition it takes around 120 years, with
a half-life of 17.3 years (λ = 0.04).
4.3.5. Land Use Transitions
Land use changes were attributed by the method recommended by Bell et al. [2011]: concurrent increases
and decreases of similar magnitude in two land uses were paired (e.g., permanent grassland and arable land
in the 1940s); otherwise, the land use transitions were ascribed following the most likely transitions as
detailed by Adger and Subak [1996] and Adger et al. [1992] (Table S4). For each year the model considers
all the transitions from one land use to another, so, for example, in 1940, the area under permanent grassland
was converted into arable land, while temporary grassland was converted into arable, urban, and woodland
(following the preferential directions presented in Table S4).

Table 3. Key Parameters Used for SOC Stock Model

% SOC Bulk Density (g cm�3) Depth (cm)

Arable 0.68–30.8 1.18 15
Temporary grassland 0.8–20.1 1.26 15
Permanent grassland 0.68–19.12 1.07 15
Urban 1.3–25.6 1.18 15
Woodland 0.9–18.6 1 15
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4.4. Data Used to Build the UK DOC Export Model

The DOC andwater color (converted into DOC by using the calibrationmethod developed byWorrall and Burt
[2007]) data used in the UK DOC export model come from the HMS, the EA, and the Scottish Environmental
Protection Agency between 2001 and 2007. The catchments considered have an annual average flow at the
tidal limit higher than 2 m3 s�1, an area bigger than 40 km2 and at least one sample per month. The catch-
ment properties investigated were soil type (classified into mineral, organo-mineral, and organic), catchment
area (estimated up to the monitoring point from the CEH Wallingford digital terrain model), and land use
(classified into arable, grassland, and urban based on the June Agricultural Census for 2004 [Department
for Environment Food and Rural Affairs et al., 2013]).

5. Results
5.1. DOC Trends Over Time

The long-term observations suggest a positive trend in mean DOC concentrations, which doubled between
1884 (1.7 mg C L�1) and 2014 (4.3 mg C L�1) (Figure 1). Annual mean DOC concentration was stable prior to
1912, but increased monotonically until 1938, rising to a peak of 6.7 mg C L�1 in 1941 and then declining to
2.8 mg C L�1 in 1960. After twominor peaks in the 1960s and 1970s, DOC increased to its highest annual peak
in 1995 (7.7 mg C L�1), and then decreased during the last decade of the record.

5.2. DOC Load Contributions

Since 1881, urban area has increased by a factor of 2.5, and there were massive land conversions from
permanent pasture into arable production during World War (WW) II [Howden et al., 2011, 2013]
(Figure 2c). We estimate a net release to the river of 824.4 (275.8, 1374.5 interquartile range, hereafter) kt
C (1884–2005), 81% from urban sources (670.8 (596.6, 745.0) kt C), 19% from agricultural soil and in-stream
cycling (153.2 (�387.0, 700.2) kt C), and a small net sink from LU and LUC (�0.8 (�24.4, 22.7) kt C). This
suggests that net anthropogenic inputs are 4 times higher than the pre-1880 baseline and these inputs
are rising.

Baseline C inputs, as the balance between release from basin soil types and in-stream removal (e.g., bio-
degradation, photodecomposition, flocculation, and sorption to particles [Stanley et al., 2012]), were a
constant term at 1.3 kt C yr�1 (where in-stream removal reduced the potential baseline coming from
agricultural soil of 28.1 kt C yr�1 by 26.8 kt C yr�1). The C inputs from urban sources increased from
3.2 kt C yr�1 in 1884 to 8.5 kt C yr�1 in 2005. In contrast, LU and LUC can both store or release C
in the catchment soils. Over the period of 1884–2005, their net effect balanced itself out, but the
broader pattern is of slow soil C accumulation over several decades, punctuated by large C releases
over a few years following major land use change (Figure 6a) with a peak of 9.3 kt C yr�1 in 1943.
Overall, increasing urban area controlled the long-term trend in DOC. This is a driver that has seldom
been accounted for in previous literature, given a focus on rural, headwater, and upland catchments
[Dawson et al., 2001; McGlynn and McDonnell, 2003; Temnerud and Bishop, 2005; Monteith et al., 2007;
Andersson and Nyberg, 2008; Eimers et al., 2008; Kirchner, 2009; Morel et al., 2009; Graeber et al., 2012;
Gannon et al., 2015; Winterdahl et al., 2016], even though point sources from sewage effluents can be
responsible for a significant portion of the total load to a catchment [Eatherall et al., 2000; Westerhoff
and Anning, 2000; Sickman et al., 2007; Tian et al., 2012]. Nonetheless, the impact of sewage effluents
and industrial wastewaters on high riverine DOC concentrations has been recognized to deserve further
investigation [Tian et al., 2012].

5.3. Relative Importance of DOC Contributions

The baseline C release rate remains constant over time, but its relative importance decreases as other
sources increase. LU and LUC are net sinks most years, of up to 30%, although they account for >50%
of net annual releases during the 1940s (Figure 6a). Urban sources contributed 72% of total organic C
inputs in 1884, rising to 87% in 2005; the only exception was during WWII when the impact of land use
change reduced the proportional effect of urban inputs to as low as 34% in 1943. We estimate that these
C-load components translate into a baseline DOC concentration of around 0.6 mg C L�1, moderated by
release/uptake of soil DOC by land use and land management of between �1 mg C L�1 (2005) and

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003614

NOACCO ET AL. THAMES BASIN DOC EXPORT SINCE 1880 957



4.7 mg C L�1 (1943). Transient DOC contributions from increasing urban area increased from 1.5 mg C L�1

(1884) to 4.1 mg C L�1 (2005), with 90% of the long-term trend in DOC concentrations being explained by
the rise in C inputs from urban expansion (p < 0.001).

LU and LUC were a cumulative sink of 32.4 kt C (�0.6 kt C yr�1) from 1884 to 1939. In 1940, large-scale
conversion of permanent pasture into arable production resulted in a cumulative net source of 44.6 kt C
by 1949, an average release of 4.5 kt yr�1. After 1950, LU and LUC returned to being a net sink
(�0.3 kt C yr�1), so by 2005 the net impact of LU and LUC over the whole period was roughly zero.
Our model of LU and LUC also included the impact of changes in mean annual air temperature, since
temperature controls the decomposition of organic matter in soils and thus DOC export [Kätterer et al.,
1998]. Temperature increased at an average rate of 0.01°C (± 0.001) yr�1 (p < 0.001) between 1884
and 2005 (Figure 5a), and overall decreased SOC stocks by an average of 0.2%, an insignificant release
of fluvial C compared to other drivers.

For the majority of the twentieth century, LU and LUC were small net C sinks, but they showed the potential
for large C releases over short periods (a few years, i.e., <10 years) following large-scale land conversions, as
occurred in the early 1940s. The land use change in the 1940s is evidence of how just one major land use
conversion can release to rivers, and part of it in turn to the atmosphere, carbon accumulated in soils for
hundreds of years [Butman et al., 2014].

Figure 6. Estimated DOC load and concentration (1884–2005 water years). (a) Relative importance of the contributions to
DOC from the pre-1880 baseline, urbanization and land use change, and the total contribution. (b) Comparison between
estimated and observed DOC concentrations and ranges. The blue dots show the observed annual average DOC con-
centration, the light blue shaded area shows the smoothed range of observed DOC concentration, the solid black line is the
estimated annual DOC concentration, and the grey shaded area is the interquartile range of the estimated DOC concen-
tration. (c) Prediction error between estimated and observed DOC.
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6. Discussion
6.1. Capturing Long-Term DOC Drivers in a Highly Human-Impacted Basin

Human activities have greatly impacted the natural environment in the last century. These activities include
the intensification of agricultural practices (e.g., extensive ploughing of grassland into arable land and the
introduction of widespread mechanization and land drainage [Howden et al., 2010, 2013; Marsh and
Harvey, 2012]) and the increase of urbanization and population for over a century. All these activities have
repercussions on the carbon export to rivers [Regnier et al., 2013]. The Thames basin, whose long-term
records date back to the late nineteenth century, allows us to capture the effect of these changes on natural
fluvial DOC levels and to understand how humans have altered the pre-1880 baseline of DOC. The DOC
concentration in the Thames catchment was around 1.8 mg C L�1 before 1900, which is the DOC concentra-
tion preceding the intensification of agriculture and major land use changes. During the last century, DOC
concentration has increased to levels up to 6 times higher, with peaks reaching 12 mg C L�1 since the late
1980s. The expansion of urban area in the basin, whichmeant increased point sources of organic carbon from
sewage effluent, released 671 kt C over the study period. The increase in agricultural productivity during WWI
released 5 kt C into the river, but by far the biggest release due to land use change was during WWII, when
the large-scale ploughing of grassland released to the river 45 kt of C, 5% of the total carbon released to the
river over the entire 120 year period. In the early 1990s 5 kt of C were released due to the conversion of
permanent grassland into temporary grassland.

The Thames basin has not experienced an increase in streamflow or precipitation over the study period, while
mean annual temperature, which increased by 1.3°C (Figure 5), did not significantly increase DOC export to
the river. This is in agreement with the study of Tian et al. [2013], who found that a variation in the annual
mean temperature of at least 5°C was needed for a significant influence on DOC export.

Most studies concerned with the attribution of DOC increase to different drivers have been limited by the
insufficient length of the available records. The exceptional length of our observational record enabled us
to elucidate the long-term drivers for the increase in riverine DOC concentration in a basin that has under-
gone important historical changes. These changes, both gradual and abrupt, are not peculiar to the
Thames basin: large-scale dramatic land use conversions, such as shifts in agriculture and urbanization, have
occurred [Tian et al., 2015] and are still occurring [Davis et al., 2015] worldwide. The increase in urban area,
which is a consequence of population increase, has been shown to be the main driver, contributing to more
than 80% of the rise in DOC. This could be due to the increase in sewage effluent discharge, wastewater leaks,
impervious surface runoff, or combined sewer overflows (CSOs) [Tian et al., 2012], which increased fluvial
DOC levels, notwithstanding the upgrade of the sewerage infrastructure over the period and the improve-
ment of the sewage treatment after the implementation of the Urban Waste Water Treatment Directive
(UWWTD) in the 2000s [European Union, 1991]. UWWTD is expected to have reduced fluvial DOC, by imposing
stricter levels of organic matter in sewage effluent discharges from STWs. But even with better treatment,
DOC concentrations in effluent discharges are usually much higher than in receiving waters [Westerhoff
and Anning, 2000; Sickman et al., 2007]. The implications of our findings are not restricted to the Thames
basin, as half the global population is living in urban areas, and people moving from rural areas to cities is
continuing [United Nations, 2008]. Our study highlights the important role urban areas will play in the carbon
export to rivers and oceans in the future, given that 70% of the global population is expected to live in urban
areas by 2050 [United Nations, 2008].

6.2. Statistical Analysis of the Impact of Change in Analytical Techniques

Different methods for measuring water color and DOC have been used over the period (1884–1974: DOC cali-
brated from Burgess units of color, 1975–1990: DOC calibrated from Hazen units of color, and 1991–2005:
DOC concentration). We analyzed whether the differences in the annual DOCmean in the three periods were
statistically significant by using a multiple linear regression model. First, we estimated a model where as
predicted variable we used a factor with three levels, which indicates in which period we are. The effect of
analytical technique on the mean of DOC was 1 mg C L�1 higher in the second period than in the first, while
in the third it was 2.2 mg C L�1 higher than in the first (in both cases p < 0.005). We then estimated a model
where as predicted variables we added also urban area and SOC flux (which, as we showed, explain the DOC
trend). Here the effect of analytical technique on the mean of DOC in the second period was not significantly
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different from the one in the first, while it was 0.7 mg C L�1 higher in the third period than in the first
(p < 0.005). The R2 of the first model was 0.37, while the one of the second model was 0.73; therefore, we
conclude that the change in measurement technique does not explain all the increase in the mean of
DOC. This means that there is still an increase of around 1.5 mg C L�1 in the mean of DOC between the third
and the first periods, which is not explained by the change in analytical technique. Nonetheless, the
long-term increase in DOC concentration pre-1990 is unaffected by the change in analytical technique.

6.3. Making Sense of the 1990s DOC Increase

In the period of 1899 to 1905, when the calibration between DOC and color was performed, the level of urba-
nization was relatively low, but it increased over all the period. Urbanization increases the amount of sewage
effluents discharged to the river, which usually is associated with less colored carbon (given that sewage is
typically composed of, among others, carbohydrates and urea, which are nonabsorbing or weakly absorbing
DOC substances [Painter and Viney, 1959; Tzortziou et al., 2015]). Therefore, we would expect a likely under-
estimation of the amount of observed DOC in the river pre-1990, due to the calibration period used. This
would result in a greater increase in the observed fluvial DOC over the period when DOC is calibrated from
color (1884–1990), as the increasing contribution of less colored carbon with increasing urbanization is not
fully accounted for. This would partly reduce the observed steep increase in the observed DOC in the
1990s. Nonetheless, it is worth mentioning that such peaks have been observed before (DOC level during
WWII is comparable to the peak in the 1990s) and there is consistency in DOC concentrations over the period
when the observed measurements changed from color to DOC. Moreover, the DOC increase in the 1990s
could be a result of the implementation of nitrate vulnerable zones (NVZs), which put limits to the application
rates of manure and fertilizers, to their timings, and prohibits such applications in certain sensitive areas. NVZ
also caused a shift in the areas affected toward more productive land use [Burt et al., 1993]. This could have
resulted in ploughing of land previously not cultivated, therefore increasing C released from such areas.
Moreover, the MacSharry reform was introduced in 1992, which altered the basis of subsidy in the
Common Agricultural Policy, started a shift from product support to producer support, and set the introduc-
tion of compulsory set-asides [Freibauer et al., 2004]. Similar to the introduction of NVZs, this reformmay have
caused a shift toward arable production in grasslands capable of sustaining it, and abandonment of arable
production in marginal lands, which would maximize subsidies and food production. Finally, the UK faced
two major droughts over the periods of 1990–1992 and 1995–1997 [Marsh et al., 2007]. This would result
in decreased dilution of DOC sources from low-DOC groundwater (which contributes to 63% of the
Thames streamflow), and therefore contributing to the increase in DOC concentration. It is notable that mean
DOC decreased thereafter. Moreover, the Thames basin was under a severe drought also in 1975–1976
[Marsh et al., 2007], when DOC concentration had another peak.

6.4. Evaluation of Model Performance

To estimate the predicted DOC, we used export coefficients estimated from national-scale data of the period
2001 to 2007, when the UWWTD had already been transposed into legislation across the UK. The result of this
transposition is expected to have improved the wastewater treatment and reduced the input of organic
matter into receiving waters. Therefore, the model likely underestimates sewage inputs to the river prior to
2000. Sewage effluents are also a source of more labile DOC [Goldman et al., 2012]. The possibility of the
DOC concentration prediction being affected by an enhanced lability of DOC from sewage sources has in
effect been accounted for by the manner in which DOC flux is projected and apportioned through the catch-
ment. Equation (6) is based upon the actual observations of over 160 catchments and their behavior, and it
includes a loss term which is the average loss term across all sources (including urban) and across a range of
different types of catchment.

In spite of the limitations presented above, the model, which was obtained without any optimization or
fitting to the Thames data, has an overall mean absolute error (MAE) of 0.57 mg L�1 (Figure 6c), which
suggests that these limitations do not impair our conclusions. The overall performance was considered satis-
factory, given the long period analyzed. The MAE was chosen, as this objective function is not susceptible to
disproportionate influence of few, very high values, as is the case for objective functions based onminimizing
the residual sum of squares (e.g., Nash-Sutcliffe efficiency (NSE) or root-mean-square error) [Howden et al.,
2011]. The model is able to represent the long-term behavior of DOC, its positive trend, and some of the
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major peaks (Figure 6b) which occurred during periods of major land use change, at a large spatial scale such
as the Thames basin.

6.5. Limitations of the Study

The focus of this study was to analyze long-term changes in DOC and to capture the dominant modes of
behavior of the catchment system. The model considers an annual time step at the catchment scale,
constrained by the land use data only being available as an annual summary for the whole catchment. The
model is thus able to consider a broad spatial and temporal scale, to give a broad representation of the major
sources of C loading contributing to fluvial DOC concentrations and the major processes in a catchment of
approximately 10,000 km2 over a 120 year period. The variability of DOC increased over the period, partly
because the sampling frequency decreased over time. However, here we only considered drivers of the
long-term increase in mean DOC concentration, so as to elucidate long-term trends and identify land use
drivers. The increase in variability will be the focus for subsequent work.

The transport of DOC from land to river is considerably simplified in the model. We assume that all the C load
which reaches the river comes through surface or near-surface runoff. DOC which leaches through deeper
soil layers is partly stored in the subsoil and partly reaches local aquifers, but DOC concentration in UK
groundwater is found to be generally less than 1.5 mg L�1, and lowest in Chalk aquifers [Stuart and
Lapworth, 2016]. Moreover, DOC is nonconservative, as it is consumed by microbiological processes and
the travel time through the Thames aquifer has been estimated to be of the order of 30 years [Howden et al.,
2011]. Therefore, surface runoff and near-surface runoff are justifiably assumed to be the major pathways of
carbon export to the river.

The focus of this study was not deciphering the exact source and composition of DOC in the Thames River,
which due to the nature of the data available would not be possible, but understanding the main drivers for
its increase and their relative importance. Nonetheless, we expect increased areas of impervious surfaces and
artificial storm drainage networks over time to have altered riverine DOC concentrations, due to less contact
time between DOC and soil, and therefore, more DOC is exported to the river. During periods of high rainfall,
the majority of water from impervious surfaces in urban areas go directly into rivers, without carrying much
DOC derived from soil storage [Tian et al., 2012]. Therefore, in periods with high flow, DOC exported to rivers
will be less colored. Instead, in periods when the majority of DOC was from terrestrial sources, DOC will be
composed mainly by fulvic and humic acids, products of the degradation of lignin and cellulose, which are
of darker color and more refractory [Engstrom, 1987].

6.6. Implication of Changes in C Budgets

Over the whole time period analyzed, perturbations in land use and land management were roughly in equi-
librium with respect to C release since the 1880s. However, massive conversion of grassland into arable land
triggered by the start of WWII caused large releases of C from soils to the river and the atmosphere, reversing
decades of carbon sequestration. Policy makers should consider these consequences in future land use
decisions, especially in developing countries where the expansion of agricultural land can be more rapid
and less regulated [Davis et al., 2015].

Between 63 and 89% of DOC released from the terrestrial biosphere is lost in transit through the catchment
over the period of study, which equates to 26.8 kt C yr�1 or a cumulative 3.3 Tg C between 1884 and 2005,
part of it to the atmosphere, part of it is buried in in-stream sediments. Our estimate of % C loss is comparable
to other estimates for the UK or for all the world. Regnier et al. [2013] have estimated that the total global
carbon flux (inorganic and organic carbon) into freshwaters was 2.8 Pg C yr�1, of which 1 Pg C yr�1 reached
the tidal limit (i.e., a 64% removal rate). Worrall et al. [2012] measured the net watershed loss of DOM across
the UK and found a value of 78%, and it was assumed that this was loss to the atmosphere. Moody et al.
[2013], in experimental studies, found a 70% loss of DOC over a 10 day period for UK rivers. Finlay et al.
[2016] have summarized net watershed losses of DOC across UK catchments and found a 75% net loss.
These losses could potentially be greenhouse gases lost to the atmosphere, which is why in-stream C losses
need to be considered in the global carbon assessments for their significant contribution to greenhouse gas
emissions [Cole et al., 2007; Battin et al., 2009b; Lapierre et al., 2013; Wit et al., 2015].
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7. Conclusions

The major conclusions of this study are as follows:

1. Urbanization has driven the increase of fluvial DOC in the Thames basin for over a century, which is likely
linked to the increase in sewage effluent due to increased population.

2. Land use change can release in just a few years carbon stored in soils for centuries, as happened due to
the massive grassland ploughing during WWII.

3. The increase in temperature in the Thames basin has not translated into a significant increase in the DOC
export to the river.

The increase of DOC in freshwaters (“global browning”) is an increasingly worrying phenomenon due to its
widespread presence in the northern hemisphere, and for its consequences on aquatic life, leading to
increasing costs and complexity of water treatment, and implications for climate change [Oosthoek, 2016].
In the face of a growing world population, this study poses questions on the long-term security of clean water
supplies, and on the need to restrict development in sensitive basins, which could release additional carbon
to rivers.

References
Adger, W. N., and S. Subak (1996), Estimating above-ground carbon fluxes from UK agricultural land, Geogr. J., 162, 191–204, doi:10.2307/

3059876.
Adger, W. N., K. Brown, R. S. Shiel, and M. C. Whitby (1992), Carbon dynamics of land-use in Great-Britain, J. Environ. Manage., 36, 117–133,

doi:10.1016/s0301-4797(05)80139-2.
Anderson, N. J., R. D. Dietz, and D. R. Engstrom (2013), Land-use change, not climate, controls organic carbon burial in lakes, Proc. R. Soc. B

Biol. Sci., 280(1769), 20131278, doi:10.1098/rspb.2013.1278.
Andersson, J.-O., and L. Nyberg (2008), Spatial variation of wetlands and flux of dissolved organic carbon in boreal headwater streams,

Hydrol. Process., 22(12), 1965–1975, doi:10.1002/hyp.6779.
Battin, T. J., L. A. Kaplan, S. Findlay, C. S. Hopkinson, E. Marti, A. I. Packman, J. D. Newbold, and F. Sabater (2009a), Biophysical controls on

organic carbon fluxes in fluvial networks, Nat. Geosci., 2, 595, doi:10.1038/ngeo602.
Battin, T. J., S. Luyssaert, L. A. Kaplan, A. K. Aufdenkampe, A. Richter, and L. J. Tranvik (2009b), The boundless carbon cycle, Nat. Geosci., 2(9),

598–600, doi:10.1038/ngeo618.
Bell, M. J., F. Worrall, P. Smith, A. Bhogal, H. Black, A. Lilly, D. Barraclough, and G. Merrington (2011), UK land-use change and its impact on

SOC: 1925–2007, Global Biogeochem. Cycles, 25, GB4015, doi:10.1029/2010GB003881.
Bellamy, P. H., P. J. Loveland, R. I. Bradley, R. M. Lark, and G. J. D. Kirk (2005), Carbon losses from all soils across England and Wales 1978–2003,

Nature, 437, 245–248, doi:10.1038/nature04038.
Black, H. I. J., et al. (2002), MASQ: Monitoring and assessing soil quality in Great Britain. Survey model 6: Soils and pollution.
Bradley, R. I., R. Milne, J. Bell, A. Lilly, C. Jordan, and A. Higgins (2005), A soil carbon and land use database for the United Kingdom, Soil Use

Manag., 21, 363–369, doi:10.1079/sum2005351.
Burgess, W. T. (1902), Note on a simple apparatus for approximately estimating the colours of waters, Analyst, 27, 294–298, doi:10.1039/

AN9022700294.
Burt, T. P., and N. J. K. Howden (2011), A homogenous daily rainfall record for the Radcliffe Observatory, Oxford, from the 1820s,Water Resour.

Res., 47, W09701, doi:10.1029/2010WR010336.
Burt, T. P., A. L. Heathwaite, and S. T. Trudgill (1993) Nitrate: Processes, Patterns, andManagement, pp. 341–367, JohnWiley, Chichester, England.
Butman, D. E., H. F. Wilson, R. T. Barnes, M. A. Xenopoulos, and P. A. Raymond (2014), Increased mobilization of aged carbon to rivers by

human disturbance, Nat. Geosci., 8(2), 112–116, doi:10.1038/ngeo2322.
CEH (2011), Countryside Survey: Final report for LCM2007—The new UK land cover map, pp. 1–115.
Clark, J. M., P. J. Chapman, J. K. Adamson, and S. N. Lane (2005), Influence of drought-induced acidification on the mobility of dissolved

organic carbon in peat soils, Glob. Chang. Biol., 11(5), 791–809, doi:10.1111/j.1365-2486.2005.00937.x.
Cole, J. J., et al. (2007), Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget, Ecosystems, 10(1),

171–184, doi:10.1007/s10021-006-9013-8.
Couture, S., D. Houle, and C. Gagnon (2012), Increases of dissolved organic carbon in temperate and boreal lakes in Quebec, Canada, Environ.

Sci. Pollut. Res., 19, 361–371, doi:10.1007/s11356-011-0565-6.
Crooks, S., and H. Davies (2001), Assessment of land use change in the Thames catchment and its effect on the flood regime of the river, Phys.

Chem. Earth Part B-Hydrol. Ocean. Atmos., 26, 583–591, doi:10.1016/s1464-1909(01)00053-3.
Davis, K. F., K. Yu, M. C. Rulli, L. Pichdara, and P. D’Odorico (2015), Accelerated deforestation driven by large-scale land acquisitions in

Cambodia, Nat. Geosci., 8(10), 772–775, doi:10.1038/ngeo2540.
Dawson, J. J., C. Bakewell, and M. Billett (2001), Is in-stream processing an important control on spatial changes in carbon fluxes in headwater

catchments?, Sci. Total Environ., 265(1–3), 153–167, doi:10.1016/S0048-9697(00)00656-2.
Department for Environment Food and Rural Affairs, Welsh Assembly Government: The Department for Rural Affairs and Heritage,

Department of Agriculture and a Rural Development (Northern Ireland), The Scottish Government: Rural and Environment Research and
Analysis Directorat, R. Affairs, T. S. Government, A. Directorate, and W. A. Government (2013), Agriculture in the United Kingdom 2011,
Report, 22.

Department of the Environment (1972), Analysis of Raw Potable and Waste Waters, pp. 26–28 Stationery Office Books, London.
Eatherall, A., M. S. S. Warwick, and S. Tolchard (2000), Identifying sources of dissolved organic carbon on the River Swale, Yorkshire, Sci. Total

Environ., 251–252, 173–190, doi:10.1016/S0048-9697(00)00381-8.
Eimers, M. C., S. A. Watmough, and J. M. Buttle (2008), Long-term trends in dissolved organic carbon concentration: A cautionary note,

Biogeochemistry, 87(1), 71–81, doi:10.1007/s10533-007-9168-1.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003614

NOACCO ET AL. THAMES BASIN DOC EXPORT SINCE 1880 962

Acknowledgments
This work was supported through
grants from NERC (NE/J500033/1), the
University of Bristol Cabot Institute, and
a University of Bristol doctoral student-
ship award. Thanks to Chris Orton,
Department of Geography, Durham
University, for drawing the map. The
authors are grateful to the Editor, Chris
Hopkinson, and one anonymous
reviewer for their useful comments. The
authors declare no competing financial
interests. The DOC data used to
generate figures in the manuscript are
available at 10.5285/57943561-4587-
4eb6-b14c-7adb90dc1dc8.

https://doi.org/10.2307/3059876
https://doi.org/10.2307/3059876
https://doi.org/10.1016/s0301-4797(05)80139-2
https://doi.org/10.1098/rspb.2013.1278
https://doi.org/10.1002/hyp.6779
https://doi.org/10.1038/ngeo602
https://doi.org/10.1038/ngeo618
https://doi.org/10.1029/2010GB003881
https://doi.org/10.1038/nature04038
https://doi.org/10.1079/sum2005351
https://doi.org/10.1039/AN9022700294
https://doi.org/10.1039/AN9022700294
https://doi.org/10.1029/2010WR010336
https://doi.org/10.1038/ngeo2322
https://doi.org/10.1111/j.1365-2486.2005.00937.x
https://doi.org/10.1007/s10021-006-9013-8
https://doi.org/10.1007/s11356-011-0565-6
https://doi.org/10.1016/s1464-1909(01)00053-3
https://doi.org/10.1038/ngeo2540
https://doi.org/10.1016/S0048-9697(00)00656-2
https://doi.org/10.1016/S0048-9697(00)00381-8
https://doi.org/10.1007/s10533-007-9168-1


Engstrom, D. R. (1987), Influence of vegetation and hydrology on the humus budgets of labrador lakes, Can. J. Fish. Aquat. Sci., 44(7),
1306–1314, doi:10.1139/f87-154.

Environment Agency (2009), River basin management plan Thames River Basin District, in Water for Life and Livelihoods, pp. 1–90, Environ.
Agency, Bristol, England.

Erlandsson, M., I. Buffam, J. Fölster, H. Laudon, J. Temnerud, G. A. Weyhenmeyer, and K. Bishop (2008), Thirty-five years of synchrony in the
organic matter concentrations of Swedish rivers explained by variation in flow and sulphate, Glob. Chang. Biol., 14(5), 1191–1198,
doi:10.1111/j.1365-2486.2008.01551.x.

European Union (1991), Urban waste water directive, Council Directive (91/271/EEC).
Evans, C. D., P. J. Chapman, J. M. Clark, D. T. Monteith, M. S. Cresser, M. S. Evans, C. D. Chapman, P. J. Clark, J. M. Monteith, and D. T. Cresser

(2006), Alternative explanations for rising dissolved organic carbon export from organic soils, Glob. Chang. Biol., 12(11), 2044–2053,
doi:10.1111/j.1365-2486.2006.01241.x.

Evans, S. G., P. B. Spillett, and K. Colquhoun (2003), South-east housing development? The quest for sustainability: Water and sewerage
needs, Water Environ. J., 17(4), 257–261, doi:10.1111/j.1747-6593.2003.tb00478.x.

Findlay, S. E. (2005), Increased carbon transport in the Hudson River: Unexpected consequence of nitrogen deposition?, Front. Ecol. Environ.,
3(3), 133–137, doi:10.1890/1540-9295(2005)003[0133:ICTITH]2.0.CO;2.

Finlay, N. C., K. Johnson, and F. Worrall (2016), The role of water treatment abstraction in the flux and greenhouse gas emissions from organic
carbon and nitrogen within UK rivers, Water Resour. Res., 52, 8190–8201, doi:10.1002/2016WR019362.

Freeman, C., C. D. Evans, D. T. Monteith, B. Reynolds, and N. Fenner (2001), Export of organic carbon from peat soils, Nature, 412(6849), 785,
doi:10.1038/35090628.

Freeman, C., N. Fenner, N. J. Ostle, H. Kang, D. J. Dowrick, B. Reynolds, M. A. Lock, D. Sleep, S. Hughes, and J. Hudson (2004), Export of dis-
solevd organic carbon from peatlands under elevated carbon dioxide levels, Nature, 430(1992), 195–198, doi:10.1038/nature02707.

Freibauer, A., M. D. Rounsevell, P. Smith, and J. Verhagen (2004), Carbon sequestration in the agricultural soils of Europe, Geoderma, 122(1),
1–23, doi:10.1016/j.geoderma.2004.01.021.

Gannon, J. P., S. W. Bailey, K. J. McGuire, and J. B. Shanley (2015), Flushing of distal hillslopes as an alternative source of stream dissolved
organic carbon in a headwater catchment, Water Resour. Res., 51, 8114–8128, doi:10.1002/2015WR016927.

Garnett, M. H., P. Ineson, and A. C. Stevenson (2000), Effects of burning and grazing on carbon sequestration in a Pennine blanket bog, UK,
The Holocene, 10(6), 729–736, doi:10.1191/09596830094971.

Goldman, J. H., S. A. Rounds, and J. A. Needoba (2012), Applications of Fluorescence Spectroscopy for Predicting Percent Wastewater in an
Urban Stream, Environ. Sci. Technol., 46(8), 4374–4381, doi:10.1021/es2041114.

Graeber, D., J. Gelbrecht, M. T. Pusch, C. Anlanger, and D. von Schiller (2012), Agriculture has changed the amount and composition of
dissolved organic matter in central European headwater streams, Sci. Total Environ., 438, 435–446, doi:10.1016/j.scitotenv.2012.08.087.

Haines-Young, R. H., et al. (2000) Accounting for Nature: Assessing Habitats in the UK Countryside, pp. 1–7, DETR, London.
Hering, D., et al. (2015), Managing aquatic ecosystems and water resources under multiple stress—An introduction to the MARS project,

Sci. Total Environ., 503–504, 10–21, doi:10.1016/j.scitotenv.2014.06.106.
Hongve, D., G. Riise, and J. F. Kristiansen (2004), Increased colour and organic acid concentrations in Norwegian forest lakes and drinking

water—A result of increased precipitation?, Aquat. Sci., 66(2), 231–238, doi:10.1007/s00027-004-0708-7.
Hope, D., M. F. Billett, and M. S. Cresser (1994), A review of the export of carbon in river water: Fluxes and processes, Environ. Pollut., 84(3),

301–324.
Howden, N. J. K., T. P. Burt, F. Worrall, M. J. Whelan, and M. Bieroza (2010), Nitrate concentrations and fluxes in the River Thames over 140

years (1868-2008): Are increases irreversible?, Hydrol. Process., 24, 2657–2662, doi:10.1002/hyp.7835.
Howden, N. J. K., T. P. Burt, F. Worrall, S. Mathias, and M. J. Whelan (2011), Nitrate pollution in intensively farmed regions: What are the

prospects for sustaining high-quality groundwater?, Water Resour. Res., 47, W00L02, doi:10.1029/2011WR010843.
Howden, N. J. K., T. P. Burt, F. Worrall, S. A. Mathias, and M. J. Whelan (2013), Farming for water quality: Balancing food security and nitrate

pollution in UK river basins, Ann. Assoc. Am. Geogr., 103(2), 397–407, doi:10.1080/00045608.2013.754672.
Hsu, C.-H. H., W.-L. L. Jeng, R.-M. M. Chang, L.-C. C. Chien, and B.-C. C. Han (2001), Estimation of potential lifetime cancer risks for trihalo-

methanes from consuming chlorinated drinking water in Taiwan, Environ. Res., 85(2), 77–82, doi:10.1006/enrs.2000.4102.
Jansen, B., K. Kalbitz, W. H. McDowell, and W. H. McDowellb (2014), Dissolved organic matter: Linking soils and aquatic systems, Vadose Zo. J.,

13(7), doi:10.2136/vzj2014.05.0051.
Jin, L., P. G. Whitehead, M. N. Futter, and Z. Lu (2012), Modelling the impacts of climate change on flow and nitrate in the River Thames:

Assessing potential adaptation strategies, Hydrol. Res., 43(6), 902, doi:10.2166/nh.2011.080.
Johnson, A. C., et al. (2009), The British river of the future: How climate change and human activity might affect two contrasting river eco-

systems in England, Sci. Total Environ., 407(17), 4787–4798, doi:10.1016/j.scitotenv.2009.05.018.
Kätterer, T., M. Reichstein, O. Andrén, and A. Lomander (1998), Temperature dependence of organic matter decomposition: A critical review

using literature data analyzed with different models, Biol. Fertil. Soils, 27(3), 258–262, doi:10.1007/s003740050430.
Kimble, J. M., R. F. Follett, and B. A. Stewart (2000) Assessment Methods for Soil Carbon, Advances in Soil Science, pp. 15–30, Taylor & Francis,

Boca Raton, Fla.
Kinniburgh, J. H., and M. Barnett (2009), Orthophosphate concentrations in the River Thames: Reductions in the past decade,Water Environ.

J., 24(2), 107–115, doi:10.1111/j.1747-6593.2008.00161.x.
Kirchner, J. W. (2009), Catchments as simple dynamical systems: Catchment characterization, rainfall-runoff modeling, and doing hydrology

backward, Water Resour. Res., 45, W02429, doi:10.1029/2008WR006912.
Kutsch, W., M. Bahn, and A. Heinemeyer (2009) Soil Carbon Dynamics: An Integrated Methodology, pp. 221–244, Cambridge Univ. Press,

Cambridge.
Lapierre, J.-F., F. Guillemette, M. Berggren, and P. A. del Giorgio (2013), Increases in terrestrially derived carbon stimulate organic carbon

processing and CO2 emissions in boreal aquatic ecosystems, Nat. Commun., 4, doi:10.1038/ncomms3972.
Larsen, S., T. Andersen, and D. O. Hessen (2011), Climate change predicted to cause severe increase of organic carbon in lakes, Glob. Chang.

Biol., 17(2), 1186–1192, doi:10.1111/j.1365-2486.2010.02257.x.
Laudon, H., M. Berggren, A. Ågren, I. Buffam, K. Bishop, T. Grabs, M. Jansson, and S. Köhler (2011), Patterns and dynamics of dissolved organic

carbon (DOC) in boreal streams: The role of processes, connectivity, and scaling, Ecosystems, 14(6), 880–893, doi:10.1007/s10021-011-9452-8.
Leach, J. A., A. Larsson, M. B. Wallin, M. B. Nilsson, and H. Laudon (2016), Twelve year interannual and seasonal variability of stream carbon

export from a boreal peatland catchment, J. Geophys. Res. Biogeosci., 121, 851–1866, doi:10.1002/2016JG003357.
Ledesma, J. L. J. J., S. J. Köhler, and M. N. Futter (2012), Long-term dynamics of dissolved organic carbon: Implications for drinking water

supply, Sci. Total Environ., 432, 1–11, doi:10.1016/j.scitotenv.2012.05.071.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003614

NOACCO ET AL. THAMES BASIN DOC EXPORT SINCE 1880 963

https://doi.org/10.1139/f87-154
https://doi.org/10.1111/j.1365-2486.2008.01551.x
https://doi.org/10.1111/j.1365-2486.2006.01241.x
https://doi.org/10.1111/j.1747-6593.2003.tb00478.x
https://doi.org/10.1890/1540-9295(2005)003%5b0133:ICTITH%5d2.0.CO;2
https://doi.org/10.1002/2016WR019362
https://doi.org/10.1038/35090628
https://doi.org/10.1038/nature02707
https://doi.org/10.1016/j.geoderma.2004.01.021
https://doi.org/10.1002/2015WR016927
https://doi.org/10.1191/09596830094971
https://doi.org/10.1021/es2041114
https://doi.org/10.1016/j.scitotenv.2012.08.087
https://doi.org/10.1016/j.scitotenv.2014.06.106
https://doi.org/10.1007/s00027-004-0708-7
https://doi.org/10.1002/hyp.7835
https://doi.org/10.1029/2011WR010843
https://doi.org/10.1080/00045608.2013.754672
https://doi.org/10.1006/enrs.2000.4102
https://doi.org/10.2136/vzj2014.05.0051
https://doi.org/10.2166/nh.2011.080
https://doi.org/10.1016/j.scitotenv.2009.05.018
https://doi.org/10.1007/s003740050430
https://doi.org/10.1111/j.1747-6593.2008.00161.x
https://doi.org/10.1029/2008WR006912
https://doi.org/10.1038/ncomms3972
https://doi.org/10.1111/j.1365-2486.2010.02257.x
https://doi.org/10.1007/s10021-011-9452-8
https://doi.org/10.1002/2016JG003357
https://doi.org/10.1016/j.scitotenv.2012.05.071


Loveland, P. J. (1990), The National Soil Inventory of England andWales UK, Elem. Conc. Cadasters Ecosyst. Methods Assess. Eval. Work. Osnabrueck,
West Ger. March 13–15, 1989. X+448p, edited by H. Lieth and B. Markert, pp. 73–80, Vch Verlagsgesellschaft Mbh, Vch Publ. Inc., New York.

Marsh, T., and C. L. Harvey (2012), The Thames flood series: A lack of trend in flood magnitude and a decline in maximum levels, Hydrol. Res.,
43(3), 203, doi:10.2166/nh.2012.054.

Marsh, T., G. Cole, and R. Wilby (2007), Major droughts in England and Wales, 1800–2006, Weather, 62(4), 87–93, doi:10.1002/wea.67.
Marsh, T. J., and J. Hannaford (2008), UK hydrometric register, Hydrol. data UK Ser., 210 pp.
McDowell, W. H., and G. E. Likens (1988), Origin, composition, and flux of dissolved organic carbon in the Hubbard Brook Valley, Ecol.

Monogr., 58(3), 177–195, doi:10.2307/2937024.
McGlynn, B. L., and J. J. McDonnell (2003), Role of discrete landscape units in controlling catchment dissolved organic carbon dynamics,

Water Resour. Res., 39(4), 1090, doi:10.1029/2002WR001525.
Merrett, S. (2007), The Thames catchment: A river basin at the tipping point, Water Policy, 9(4), 393, doi:10.2166/wp.2007.016.
Ministry of Agriculture (1986), Agricultural Census of England and Wales, 1975, pp. 1–50, Colchester UK Data Archive [distributor], Colchester,

Essex, UK Data Archive.
Mitchell, G. N. (1990), Natural discoloration of freshwater: Chemical composition and environmental genesis, Prog. Phys. Geogr., 14(3),

317–334, doi:10.1177/030913339001400302.
Monteith, D. T., et al. (2007), Dissolved organic carbon trends resulting from changes in atmospheric deposition chemistry,Nature, 450(7169),

537–540, doi:10.1038/nature06316.
Moody, C. S., F. Worrall, C. D. Evans, and T. G. Jones (2013), The rate of loss of dissolved organic carbon (DOC) through a catchment, J. Hydrol.,

492, 139–150, doi:10.1016/j.jhydrol.2013.03.016.
Morel, B., P. Durand, A. Jaffrezic, G. Gruau, and J. Molenat (2009), Sources of dissolved organic carbon during stormflow in a headwater

agricultural catchment, Hydrol. Process., 23(20), 2888–2901, doi:10.1002/hyp.7379.
Neal, C., and H. P. Jarvie (2005), Agriculture, community, river eutrophication and the Water Framework Directive, Hydrol. Process., 19(9),

1895–1901, doi:10.1002/hyp.5903.
Oosthoek, S. (2016), Global browning: Why the world’s fresh water is getting murkier, New Sci. [Available at https://www.newscientist.com/

article/mg22930550-600-global-browning-why-the-worlds-fresh-water-is-getting-murkier/, accessed 2016-01-18.]
Painter, H. A., and M. Viney (1959), Composition of a domestic sewage, J. Biochem. Microbiol. Technol. Eng., 1(2), 143–162, doi:10.1002/

jbmte.390010203.
Poeplau, C., and A. Don (2013), Sensitivity of soil organic carbon stocks and fractions to different land-use changes across Europe, Geoderma,

192, 189–201, doi:10.1016/j.geoderma.2012.08.003.
Putro, B., T. R. R. Kjeldsen, M. G. G. Hutchins, and J. Miller (2016), An empirical investigation of climate and land-use effects on water quantity

and quality in two urbanising catchments in the southern United Kingdom, Sci. Total Environ., 548–549, 164–172, doi:10.1016/j.
scitotenv.2015.12.132.

Rawlins, B. G., C. H. Vane, A. W. Kim, A. M. Tye, S. J. Kemp, and P. H. Bellamy (2008), Methods for estimating types of soil organic carbon and
their application to surveys of UK urban areas, Soil Use Manag., 24, 47–59, doi:10.1111/j.1475-2743.2007.00132.x.

Regnier, P., et al. (2013), Anthropogenic perturbation of the carbon fluxes from land to ocean, Nat. Geosci., 6(8), 597–607, doi:10.1038/
ngeo1830.

Sickman, J. O., M. J. Zanoli, and H. L. Mann (2007), Effects of urbanization on organic carbon loads in the Sacramento River, California,Water
Resour. Res., 43, W11422, doi:10.1029/2007WR005954.

Simpson, E. A. (1980), The harmonization of the monitoring of the quality of rivers in the United Kingdom/Contrôle harmonisé de la qualité
des rivières au Royaume Uni, Hydrol. Sci. Bull., 25(1), 13–23, doi:10.1080/02626668009491900.

Smith, P., et al. (2007), Climate change cannot be entirely responsible for soil carbon loss observed in England and Wales, 1978–2003, Glob.
Chang. Biol., 13, 2605–2609, doi:10.1111/j.1365-2486.2007.01458.x.

Smith, P., A. Bhogal, P. Edgington, H. Black, A. Lilly, D. Barraclough, F. Worrall, J. Hillier, and G. Merrington (2010), Consequences of feasible
future agricultural land-use change on soil organic carbon stocks and greenhouse gas emissions in Great Britain, Soil Use Manag., 26,
381–398, doi:10.1111/j.1475-2743.2010.00283.x.

Stanley, E. H., S. M. Powers, N. R. Lottig, I. Buffam, and J. T. Crawford (2012), Contemporary changes in dissolved organic carbon (DOC) in
human-dominated rivers: Is there a role for DOC management?, Freshw. Biol., 57(SUPPL. 1), 26–42, doi:10.1111/j.1365-2427.2011.02613.x.

Stuart, M. E., and D. J. Lapworth (2016), Macronutrient status of UK groundwater: Nitrogen, phosphorus and organic carbon, Sci. Total
Environ., doi:10.1016/j.scitotenv.2016.02.181.

Temnerud, J., and K. Bishop (2005), Spatial variation of streamwater chemistry in two Swedish boreal catchments: Implications for
environmental assessment, Environ. Sci. Technol., 39(6), 1463–1469, doi:10.1021/es040045q.

Thresh, J. C. (1904), The examination of waters and water supplies, xvi, 460.
Thresh, J. C., E. V. Suckling, and J. F. Beale (1943), The examination of waters and water supplies (Thresh, Beale & Suckling), x, 819.
Tian, H., Q. Yang, R. G. Najjar, W. Ren, M. A. M. Friedrichs, C. S. Hopkinson, and S. Pan (2015), Anthropogenic and climatic influences on carbon

fluxes from eastern North America to the Atlantic Ocean: A process-based modeling study, J. Geophys. Res. Biogeosci., 120, 757–772,
doi:10.1002/2014JG002760.

Tian, Y. Q., D. Wang, R. F. Chen, and W. Huang (2012), Using modeled runoff to study DOC dynamics in stream and river flow: A case study of
an urban watershed southeast of Boston, Massachusetts, Ecol. Eng., 42, 212–222, doi:10.1016/j.ecoleng.2012.01.017.

Tian, Y. Q., Q. Yu, A. D. Feig, C. Ye, and A. Blunden (2013), Effects of climate and land-surface processes on terrestrial dissolved organic carbon
export to major U.S. coastal rivers, Ecol. Eng., 54, 192–201, doi:10.1016/j.ecoleng.2013.01.028.

Tiwari, T., H. Laudon, K. Beven, and A. M. Ågren (2014), Downstream changes in DOC: Inferring contributions in the face of model uncer-
tainties, Water Resour. Res., 50, 514–525, doi:10.1002/2013WR014275.

Tzortziou, M., C. Zeri, E. Dimitriou, Y. Ding, R. Jaffé, E. Anagnostou, E. Pitta, and A. Mentzafou (2015), Colored dissolved organic matter
dynamics and anthropogenic influences in a major transboundary river and its coastal wetland, Limnol. Oceanogr., 60(4), 1222–1240,
doi:10.1002/lno.10092.

United Nations (2008), United Nations expert group meeting on population distribution, Urbanization, Internal Migration and Development.
Webb, J., P. J. Loveland, B. J. Chambers, R. Mitchell, and T. Garwood (2001), The impact of modern farming practices on soil fertility and

quality in England and Wales, J. Agric. Sci., 137, 127–138.
Westerhoff, P., and D. Anning (2000), Concentrations and characteristics of organic carbon in surface water in Arizona: Influence of urba-

nization, J. Hydrol., 236(3–4), 202–222, doi:10.1016/S0022-1694(00)00292-4.
Wilson, H. F., and M. A. Xenopoulos (2009), Effects of agricultural land use on the composition of fluvial dissolved organic matter, Nat. Geosci.,

2(1), 37–41, doi:10.1038/ngeo391.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003614

NOACCO ET AL. THAMES BASIN DOC EXPORT SINCE 1880 964

https://doi.org/10.2166/nh.2012.054
https://doi.org/10.1002/wea.67
https://doi.org/10.2307/2937024
https://doi.org/10.1029/2002WR001525
https://doi.org/10.2166/wp.2007.016
https://doi.org/10.1177/030913339001400302
https://doi.org/10.1038/nature06316
https://doi.org/10.1016/j.jhydrol.2013.03.016
https://doi.org/10.1002/hyp.7379
https://doi.org/10.1002/hyp.5903
https://www.newscientist.com/article/mg22930550-600-global-browning-why-the-worlds-fresh-water-is-getting-murkier/
https://www.newscientist.com/article/mg22930550-600-global-browning-why-the-worlds-fresh-water-is-getting-murkier/
https://doi.org/10.1002/jbmte.390010203
https://doi.org/10.1002/jbmte.390010203
https://doi.org/10.1016/j.geoderma.2012.08.003
https://doi.org/10.1016/j.scitotenv.2015.12.132
https://doi.org/10.1016/j.scitotenv.2015.12.132
https://doi.org/10.1111/j.1475-2743.2007.00132.x
https://doi.org/10.1038/ngeo1830
https://doi.org/10.1038/ngeo1830
https://doi.org/10.1029/2007WR005954
https://doi.org/10.1080/02626668009491900
https://doi.org/10.1111/j.1365-2486.2007.01458.x
https://doi.org/10.1111/j.1475-2743.2010.00283.x
https://doi.org/10.1111/j.1365-2427.2011.02613.x
https://doi.org/10.1016/j.scitotenv.2016.02.181
https://doi.org/10.1021/es040045q
https://doi.org/10.1002/2014JG002760
https://doi.org/10.1016/j.ecoleng.2012.01.017
https://doi.org/10.1016/j.ecoleng.2013.01.028
https://doi.org/10.1002/2013WR014275
https://doi.org/10.1002/lno.10092
https://doi.org/10.1016/S0022-1694(00)00292-4
https://doi.org/10.1038/ngeo391


Winterdahl, M., H. Laudon, S. W. Lyon, C. Pers, and K. Bishop (2016), Sensitivity of stream dissolved organic carbon to temperature and
discharge: Implications of future climates, J. Geophys. Res. Biogeosci., 121, 126–144, doi:10.1002/2015JG002922.

Wit, F., D. Müller, A. Baum, T. Warneke, W. S. Pranowo, M. Müller, and T. Rixen (2015), The impact of disturbed peatlands on river outgassing in
Southeast Asia, Nat. Commun., 6, 10155, doi:10.1038/ncomms10155.

Worrall, F., and T. Burt (2005), Predicting the future DOC flux from upland peat catchments, J. Hydrol., 300(1–4), 126–139, doi:10.1016/
j.jhydrol.2004.06.007.

Worrall, F., and T. P. Burt (2007), Trends in DOC concentration in Great Britain, J. Hydrol., 346, 81–92, doi:10.1016/j.jhydrol.2007.08.021.
Worrall, F., and T. P. Burt (2010), Has the composition of fluvial DOC changed? Spatiotemporal patterns in the DOC-color relationship, Global

Biogeochem. Cycles, 24, GB1010, doi:10.1029/2008GB003445.
Worrall, F., T. Burt, and R. Shedden (2003), Long term records of riverine dissolved organic matter, Biogeochemistry, 64(2), 165–178,

doi:10.1023/A:1024924216148.
Worrall, F., T. Burt, and J. Adamson (2004), Can climate change explain increases in DOC flux from upland peat catchments?, Sci. Total

Environ., 326, 95–112, doi:10.1016/j.scitotenv.2003.11.022.
Worrall, F., H. Davies, A. Bhogal, A. Lilly, M. Evans, K. Turner, T. Burt, D. Barraclough, P. Smith, and G. Merrington (2012), The flux of DOC from

the UK—Predicting the role of soils, land use and net watershed losses, J. Hydrol., 448–449, 149–160, doi:10.1016/j.jhydrol.2012.04.053.
Yallop, A. R., and B. Clutterbuck (2009), Land management as a factor controlling dissolved organic carbon release from upland peat soils 1:

Spatial variation in DOC productivity, Sci. Total Environ., 407(12), 3803–3813, doi:10.1016/j.scitotenv.2009.03.012.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003614

NOACCO ET AL. THAMES BASIN DOC EXPORT SINCE 1880 965

https://doi.org/10.1002/2015JG002922
https://doi.org/10.1038/ncomms10155
https://doi.org/10.1016/j.jhydrol.2004.06.007
https://doi.org/10.1016/j.jhydrol.2004.06.007
https://doi.org/10.1016/j.jhydrol.2007.08.021
https://doi.org/10.1029/2008GB003445
https://doi.org/10.1023/A:1024924216148
https://doi.org/10.1016/j.scitotenv.2003.11.022
https://doi.org/10.1016/j.jhydrol.2012.04.053
https://doi.org/10.1016/j.scitotenv.2009.03.012


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


