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This paper demonstrates the application of a low-cost and rapid natural fluorescence technique for tracing
and quantifying the transport of pollutants from livestock farming through a small headwater catchment.
Fluorescence intensities of Dissolved Organic Matter (DOM) present in different pollutant sources and drain-
age waters in the Den Brook catchment (Devon, UK) were monitored through storm events occurring be-
tween January 2007 and June 2008. Contrasting fluorescence signals from different sources confirmed the
technique's usefulness as a tracer of pollutants from livestock farming. Changes in fluorescence intensities
of drainage waters throughout storm events were used to assess the dynamics of key pollutant sources.
The farmyard area of the catchment studied was shown to contribute polluted runoff at the onset of storm
events in response to only small amounts of rain, when flows in the Den Brook first-order channel were
low. The application of slurry to a field within the catchment did not elevate the fluorescence of drainage wa-
ters during storm events suggesting that when slurry is applied to undrained fields the fluorescent DOM may
become quickly adsorbed onto soil particles and/or immobilised through bacterial breakdown. Fluorescence
intensities of drainage waters were successfully combined with discharge data in a two component mixing
model to estimate pollutant fluxes from key sources during the January 2007 storm event. The farmyard
was shown to be the dominant source of tryptophan-like material, contributing 61-81% of the total event
flux at the catchment outlet. High spatial and temporal resolution measurements of fluorescence, possibly
using novel in-situ fluorimeters, may thus have great potential in quickly identifying and quantifying the
presence, dynamics and sources of pollutants from livestock farming in catchments.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction Directive, European Commission, 2000). Pasture-based livestock farm-

ing systems with grazed fields, farmyards, and food/fertiliser storage

The deleterious impacts of livestock farming on freshwater systems
are widely appreciated (Bilotta et al., 2007). Hooda et al. (2000) provide
a comprehensive review in which they summarise the main issues as
those relating to inputs of (a) nutrients — especially nitrogen and phos-
phorus (e.g. Levine and Schindler, 1989), (b) organic effluents with high
solids content (e.g. Cooper, 1993), (c) pesticides (e.g. Coddington,
1992), and (d) bacterial and protozoan pathogens (e.g. Kay et al,
2008). The impacts of assemblages of these pollutants on river ecosys-
tems are recognised by current legislation (i.e. EU Water Framework
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areas, in particular, are likely to contribute such an assemblage of pol-
lutants to headwater streams.

Although the water quality (chemical, biological, nutrient and aes-
thetic) of main river sites (flows typically >1 m> s~!) and canals have
been monitored in the UK since 1988, knowledge on the quality of
headwater streams is limited (cf Countryside Survey: Dunbar et al.,
2010). These are of vital importance and must now be protected
under the Water Framework Directive. In particular, headwater
streams may have major impacts on downstream water quality
(Bowes et al., 2005; Withers et al., 2009) and represent an important
ecological resource (Furse et al., 1991). Pollutant inputs from live-
stock farming to headwater streams (e.g. Jarvie et al., 2010) can
have major local impacts owing to their limited potential for dilution.
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However, Withers et al. (2009) acknowledge that it is often difficult
to trace these multiple sources. They explain how current approaches
to manage pollutant inputs focus on ‘point sources’ (i.e. sewage dis-
charges) and ‘diffuse sources’ (i.e. agricultural land) with little atten-
tion being paid to ‘intermediate sources’ such as farmyards, septic
tanks and roads although these may be highly significant (e.g. Jarvie
et al,, 2010; Neal et al., 2005).

Clay soils on steep slopes in regions of high rainfall in western
Britain are often managed intensively for dairy pasture. Potential for
delivery of livestock associated pollutants from these areas via
point, diffuse and intermediate sources is very high. However, the
link between agricultural amendments and river water pollution is,
at least in part, circumstantial and tracing techniques are a way to
elucidate pathways, dynamics and controls (Granger et al., 2007).

Natural fluorescence may be used to trace dissolved organic mat-
ter (DOM) originating from agriculture (e.g. Baker, 2002; Granger et
al.,, 2010; Lapworth et al., 2009; Naden et al., 2010). Recent technolog-
ical advances in fluorescence spectroscopy mean that it is now possi-
ble for fluorescence to be analysed rapidly on small water samples
with extreme sensitivity. Its widespread application in characterising
DOM in marine, freshwater and wastewater environments has been
reviewed by Hudson et al. (2007). Typically, in river water samples,
fluorescence peaks are found to coincide with those of tyrosine,
tryptophan, fulvic and humic acids. Although in some studies (e.g.
McKnight et al., 2001) the chemical structure of those compounds re-
sponsible for peaks in fluorescence has been characterised this was
not done here and as the provenance of the peaks is therefore unknown
the terms tyrosine-like, tryptophan-like, fulvic-like and humic-like
are used. Absolute fluorescence values may be related to concentra-
tions of DOM whilst ratios of protein-like to fulvic/humic-like
fluorescence may be used to discriminate different sources (e.g.
Baker, 2001; Baker, 2002; Baker and Inverarity, 2004; Galapate et al.,
1998; Henderson et al., 2009; Lapworth et al., 2009). Furthermore,
tryptophan-like fluorescence intensity of a range of water sources
has been shown to correlate strongly with Biochemical Oxygen
Demand (BOD), phosphate, nitrate, ammonia and dissolved oxygen
(Baker and Inverarity, 2004; Hudson et al., 2008). Although Naden et
al. (2010) used the Rowden Experimental Research Platform (RERP)
in Devon (UK) to demonstrate that natural fluorescence could be
used ‘within limits’ to detect diffuse losses of slurry from 1 ha lysime-
ters into drainage waters no detailed catchment studies have been un-
dertaken that link diverse agricultural sources of fluorescent DOM with
dynamics observed in river water.

The aim of this paper is to develop the use of natural fluorescence to
trace DOM derived from livestock farming at the small headwater
catchment scale. Here the specific objectives are to: (1) characterise
the fluorescence of potential livestock associated pollutants and catch-
ment drainage waters with varying degrees of pollution; (2) collect
and analyse high resolution fluorescence data from key source area dis-
charge points in the catchment to evaluate whether it is possible to
elucidate transport pathways and their dynamics during hydrological
events (including the response following slurry application); and (3) to
use fluorescence to attempt to quantify the significance of flow and pol-
lution contributions from an impervious farmyard area.

2. Study area and methods
2.1. Study area

This research was undertaken in Devon (UK) in the Den Brook
catchment (UK grid reference: SX67712 99685). It is a first-order
headwater catchment ~0.5 km? in size (Fig. 1) that is characterised
by a slowly permeable, seasonally waterlogged clay soil overlying
clay shales of the Crackington formation (Bilotta et al., 2010). Accord-
ing to the Hydrology of Soil Types classification system (Boorman et
al.,, 1995), this soil series (class 24; model ]) represents the most

common hydrological soil type in England and Wales and is typical
of many areas of grassland production (Wilkins, 1982). The catch-
ment receives high levels of rainfall with a 40-year average annual
total of 1050 mm (Page et al., 2005), the majority of which typically
falls in the winter/spring, although in recent years it has been ob-
served that heavy rainfall events during the summer months are in-
creasing (Maran et al., 2008). The catchment is extensively drained
to the Den Brook stream by a number of artificial subsurface drains
(Fig. 1) consisting of large concrete main pipes that are fed by smaller
perforated plastic pipes in a herring bone pattern. Underdrainage is
typical in temperate grassland systems as excess water due to poor
drainage is a major factor limiting the growth and utilisation of
grass (Armstrong and Garwood, 1991; Tyson et al., 1992). Agricultur-
al policies in Britain have resulted in it being one of the most exten-
sively underdrained countries in Europe (Green, 1979). At the peak
of this activity approximately 100,000 ha per annum of land was
being drained (Robinson and Armstrong, 1987). The low permeability
clay soil, steep slopes, small catchment size, and presence of subsur-
face drains (Fig. 1) mean that the Den Brook has a ‘flashy’ hydrologi-
cal response.

The catchment is predominantly intensively managed as mixed
grassland sustaining beef and dairy cattle and sheep, and the sward
is dominated by perennial ryegrass receiving periodic applications
of manure, inorganic fertiliser (N, P and K) and excretal returns dur-
ing the spring/summer. Page et al. (2005) report average stocking
densities of 2.5 livestock units per hectare (LSU ha™') that vary sea-
sonally with a peak density of ~5.5LSUha~" in late-summer and
early-autumn. For the purpose of this paper the catchment can be
considered to comprise the following three key elements: (1) farm-
yard; (2) field sub-catchment; and (3) steep grassland area.

The farmyard is located within the north western part of the
catchment (Fig. 1). Within this area there is a silage clamp, manure
heap and animal housing (served by a slurry lagoon). The farmyard
is thought to be connected to the Den Brook first-order channel by a
large drain (farmyard pipe) which intermittently discharges farm-
yard run-off into the stream. However, the extent of this probably in-
direct connection is poorly understood. Waste contained within the
lagoon is spread within the catchment area when ground conditions
allow, typically during the spring/summer.

The field sub-catchment (kale under-sown with grass grazed by
sheep/lambs during January 2007 which returned to grassland by
2008) is located in the south western part of the catchment (Fig. 1)
and represents 12% of the catchment area. It slopes at an angle of
about 5° from its SW to NE corner. There is no evidence of artificial
drains in this field, and subsurface flow is considered to be negligible
due to the low hydraulic conductivity of the subsoil (<10 mm day ')
(Armstrong and Garwood, 1991).

The steep grassland is located in the central southern part of the
catchment (Fig. 1). This part of the catchment drains to the Den
Brook by a large subsurface drain (grassland pipe). A road and a
woodland area represent its most southerly boundary.

2.2. Methods

2.2.1. Field sampling and measurements

Spatial and event sampling were undertaken throughout the
catchment for fluorescence analysis. On the 11 January 2007, samples
were collected from a range of runoff source areas and pathways in
the farmyard and wider catchment (Fig. 1). Samples were also col-
lected from key points in the catchment throughout four rainfall
events occurring between January 2007 and June 2008. The first
event occurred on 17 and 18 January 2007, and discharges were sam-
pled from the field sub-catchment, grassland pipe, farmyard pipe and
the catchment outlet. The remaining three events occurred on 29-30
March, 28 May and 2-3 June 2008. During these events, discharges
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Fig. 1. The Den Brook catchment: (a) its location in south west England, UK, and (b) its topography, main drainage paths and flow gauges, land use and monitoring/sampling lo-
cations (individual sampling locations within the farmyard are not shown). The 1 m contours were derived from a 5 m DTM based on differential GPS measurements. The area be-
yond the south and southeast field boundaries was obtained from NEXTMap Britain enhanced DTM from Intermap Technologies Inc, provided courtesy of NERC via the NERC Earth

Observation Data Centre (NEODC). Part (b) adapted from Krueger (2009).

were only sampled from the field sub-catchment and catchment
outlet.

Manual and automatic samples were collected for the fluorescence
analysis. Manual samples were taken directly using acid washed 60 ml
amber glass bottles which were filled to the top. During rainfall-
generated events, autosamplers (model: Xian 1000 from Biihler
Montec, Manchester) were used to collect 500 ml samples at set time
intervals. Subsamples were poured from the plastic Xian bottles into
the acid washed 60 ml amber glass bottles after thorough mixing.

Discharge was monitored at the catchment outlet and the field sub-
catchment. At the catchment outlet it was measured using a standar-
dised trapezoidal flume, as used by the Scottish Environmental Protec-
tion Agency (SEPA), installed in 2001. For the field sub-catchment, the
nature of the slope and the presence of surrounding banks ensure that
all surface run-off is contained and directed towards the NE corner of
the field (Fig. 1). In this corner a V notch weir was installed in 2006/
07. At both sites stage height from which discharge is calculated was
measured at 1 minute intervals by pressure transducers located in
stilling wells. To convert stage height to discharge, a calibration exercise
was carried out which involved manually measuring discharge over the
range of stage heights. Uncertainty intervals (minimum and maximum)
for discharge at any given stage height were produced by fitting a
fuzzy rating curve (Krueger et al.,, 2009). These uncertainty intervals
which estimate the errors associated with the calibration technique
(instrument error, operator error, velocity variation in the cross-
section) become wider when extrapolating beyond the maximum cali-
brated stage height at each location.

Precipitation was recorded at the catchment outlet by a tipping-
bucket rain gauge (Rain-wise Bar Harbor, ME), which recorded the
total number of tips per minute (each tip equivalent to 0.254 mm
precipitation).

Measured stream flow event volumes at the catchment outlet
were compared to those estimated through hydrological modelling
of rainfall and their close agreement gave confidence in the accuracy
of the assumed total catchment area (Krueger et al., 2010).

2.2.2. Laboratory analysis

All samples for fluorescence analysis were stored in the dark, kept
cool (using a freezer box with ice packs and when possible a fridge at
<5°C) and analysed at room temperature within 48 h of collection.
Prior to analysis, samples were filtered using pre-ashed Whatman
GFC (1.2 um) glass fibre filters. Fluorescence measurements were car-
ried out on a spectrophotometer (Varian Cary Eclipse) fitted with a
Xenon flash lamp using slit widths of 5 nm, an integration time of
12.5 ms and voltage of 725 V. Excitation wavelengths were varied
from 200 to 400 nm in steps of 5nm and emission wavelengths
from 280 to 500 nm in steps of 2 nm. To ensure a high signal:noise
ratio only values with an excitation wavelength greater than
240 nm were considered in the analysis. Absorbance was measured
in a 1 cm cuvette on a UV-vis spectrophotometer (Varian Cary 50)
at 1 nm intervals from 800 to 200 nm.

High values of absorbance at long wavelengths are indicative of
inefficient filtering and so samples with values of absorbance at
650 nm greater than 0.02 were omitted from the analysis. For the
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remaining samples, the absorbance measurements were long-
wavelength scatter-corrected using the method of Blough et al.
(1993). Samples with absorbance at 254 nm greater than 1.5 AU cm ™!
were diluted using Milli-Q water. As in Naden et al. (2010), this thresh-
old was adopted for pragmatic reasons. It is considerably higher than
the value of 0.3 AU cm ™! quoted by Ohno (2002) but within the limits
found by Holland et al. (1977).

Following manufacturer's instructions, instrument corrections to
account for lamp output and for instrument sensitivity were applied
to the fluorescence data (Holbrook et al., 2006). Inner-filtering cor-
rections were calculated from the absorbance data using the method
of Lakowicz (1983) and applied to the fluorescence data. The fluores-
cence data were finally converted to Raman units using the method of
Lawaetz and Stedmon (2009).

Indices representing tryptophan-like and fulvic/humic-like fluo-
rescence were derived from investigations of known mixtures. Rather
than simply taking the fluorescence at, or in the region of the peak of
each of the anticipated fluorophores, optimal regions of the excita-
tion-emission matrix (EEM) were identified, which minimised the ef-
fect of any overlap in the fluorescence centres and with the Raman
line. The wavelengths that define each region are given in Table 1
and the index is an average of the corrected fluorescence intensities
in the given region.

Uncertainty was estimated using results of the analysis of 10 con-
secutive samples from each of the main sampling locations (Table 2).
Values are quoted as the measured data plus or minus the ranges pre-
sented in Table 2. The resulting uncertainty captures short term vari-
ability in the quality of the water at the sampling point and any
variability introduced by sampling, laboratory analysis and data cor-
rection. The variability of TI and TL:FI is greatest in the farmyard
pipe discharge. Likely reasons for this are the high TI values of
water from the farmyard pipe and the dynamic behaviour of its dis-
charge and TI and FI sources.

3. Results

Spatial and event sampling was undertaken for natural fluores-
cence in the Den Brook catchment to identify the main sources of
fluorescent DOM and their responses in drainage waters during
storm events and either side of slurry application. The corrected
EEMs for a grassland and farmyard water sample are given in Fig. 2a
and b, respectively. Owing to its concentrated nature with high absor-
bance the farmyard sample was diluted 500 times prior to analysis.
These EEMs show the dominance of the fulvic/humic like signal (FI)
in the grassland water sample (peaks in the region Ex=220-250
and 300-380 nm; and Em =400-480 nm) and the dominance of the
tryptophan-like signal (TI) in the farmyard water sample (peaks in
the region Ex=280nm; Em 350 nm) (e.g. Baker and Spencer,
2004). The rectangles in Fig. 2 show the areas of the EEM used to cal-
culate TI and FI.

3.1. Spatial survey

Fluorescence intensity results from a spatial sampling survey un-
dertaken on 11 January 2007 are shown in Figs. 3 and 4. The fluores-
cence of a range of animal wastes (e.g. slurry, drainage from a manure
heap) and an animal feed (silage) found around the Den Brook farm-
yard are presented in addition to the fluorescence of drainage waters

Table 1
Definition of fluorescence indices.

Index Excitation wavelength Emission wavelength
(nm) (nm)

Tryptophan index (TI) 275-285 346-354

Fulvic/humic index (FI) 325-375 450-500

Table 2

Descriptive statistics of analysis of 10 consecutive samples from four locations in the
Den Brook catchment. Samples were taken on 11th January 2007 and fluorescence in-
tensities are reported in Raman Units (RU).

Location Index Min (RU) Max (RU) Range (RU)
Field sub-catchment gauge TI 0.73 0.79 0.06
FI 2.38 2.53 0.14
TI:FI 0.30 0.32 0.01
Grassland pipe outlet TI 0.52 0.54 0.02
FI 1.71 1.77 0.06
TI:FI 0.30 0.31 0.01
Farmyard pipe outlet TI 337 3.69 0.32
FI 3.12 3.29 0.17
TI:FI 1.07 1.14 0.08
Catchment outlet gauge TI 1.97 2.08 0.11
FI 248 2.56 0.08
TI:FI 0.79 0.83 0.04

from the wider catchment. From Fig. 3 it is clear that farmyard drain-
age waters have a much greater TI and FI (TI 289 to 894 RU and FI 30
to 465 RU) than those not directly contaminated by farmyard drain-
age within the wider catchment (TI 0.8 to 1.0RU and FI 04 to
2.5 RU). Farmyard drainage waters are also relatively more enriched
in TI than FL This produces higher TI:FI ratios in farmyard drainage
waters (1.9 to 24.9) compared to lower values (0.3 to 0.4) in drainage
waters from the wider catchment (with no direct farmyard input)
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Fig. 2. Example corrected excitation-emission matrices in Raman units: (a) grassland
water sample; (b) diluted farmyard water sample (all units given in this EEM reflect di-
lution x500). Boxes show areas used to calculate the tryptophan (TI) and fulvic/humic
(FI) indices as defined in Table 1.
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Fig. 3. Spatial samples of TI and FI in the Den Brook catchment (11th January 2007). Uncertainty bars are presented for field sub-catchment gauge, grassland pipe outlet, farmyard

pipe outlet and the catchment outlet gauge (see Table 2).

(Fig. 4). For example, TL:FI ratios in drainage waters from the field
sub-catchment and grassland pipe are an eightieth of those of waters
draining the silage clamp. Although the TI and TI:FI ratios of the wider
catchment drainage waters that are probably contaminated with
farmyard sources are intermediate (Figs. 3 and 4), the FI are compara-
ble with other catchment drainage waters. A second spatial survey
(not shown) on 18 January 2007 also illustrated the very low TI, FI
and TI:FI ratios of the wider catchment drainage waters.

3.2. Event sampling

Storm event sampling in 2007 (January) and 2008 (March, May
and June) enabled the investigation of the temporal dynamics of the
fluorescence signal in waters draining from the field sub-catchment,
grassland pipe, farmyard pipe and catchment outlet under winter
and summer conditions. Sampling of storms in 2008 also enabled
investigation of the dynamics of the fluorescence signal in waters
draining from the outlets of the field sub-catchment and the whole
catchment during storms pre and post slurry application which
took place on 13 and 14th May 2008. Hydrological characteristics of
each of the events are presented in Table 3. The total rainfall during
each event was at least 15 mm. Rainfall intensity ranged from a min-
imum of 2.54 mm/h in the January 2007 to a maximum of 9.14 mm/h
in the June 2008 event. Peak discharges were similarly high during
the March and May events but significantly lower during the June
event.

3.2.1. Field sub-catchment fluorescence signals
Water is only discharged from the field sub-catchment when sur-
face runoff is generated by high intensity rainfall events. Therefore, it

is very difficult to sample and characterise this fast responding dis-
charge. In all events TI and FI are low at high discharges (e.g. Figs. 5
to 7). Minimum concentrations of TI and FI are roughly coincident
with peak discharge in the January 2007 event but precede maximum
discharge in the May and June 2008 events. During the May and June
2008 events TI and FI concentrations rise throughout the hydrograph
recession, beginning prior to peak discharge. Granger et al. (2010) ob-
served a similar response in DOC from this field throughout the reces-
sion limb of the June event. During events, TI:FI ratios either remained
constant or were slightly reduced (Figs. 5 to 7). This is a similar pat-
tern to that found in surface/interflow waters draining the RERP ly-
simeters (P. Naden, pers. comm. 2009).

Data collected during the May and June 2008 storm events fol-
lowed slurry spreading on the field sub-catchment. TI concentrations
do not clearly show enrichment post slurry application. Background
TI concentrations are typically 1 RU before and after slurry applica-
tion and TI:FI ratios are typically 0.3 to 0.4. Similar observations at
the RERP lysimeters showed no significant TI:FI response in surface/
interflow drainage following slurry spreading (Naden et al., 2010).
At Rowden, TI:FI ratios of surface/interflow water were typically
0.4-0.6 RU whilst TI values typically ranged from 0.5 to 1.5RU
(Naden et al., 2010; P. Naden, pers. comm. 2009).

3.2.2. Grassland fluorescence signals

During the January 2007 event and in contrast to drainage from
the field sub-catchment the TI and FI concentrations are positively re-
lated to flow in discharge from the grassland pipe (Fig. 5). The TI in-
creases from 0.6 RU to 0.8 RU whilst the FI increases from 1.9 RU to
2.9 RU; with maximum values occurring prior to the flow peak in
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Fig. 4. Spatial distribution of the TI:FI ratio in the Den Brook catchment (11th January 2007). Uncertainty bars are presented for field sub-catchment gauge, grassland pipe outlet,

farmyard pipe outlet and the catchment outlet gauge (see Table 2).

Table 3
Hydrological characteristics of the flow events monitored in the Den Brook catchment
during January 2007 and March, May and June 2008.

Hydrological Rainfall events monitored

characteristics

17-18 January 29-30 March 28 May 2-3 June
2007 2008 2008 2008
Total event rainfall (mm) 15 17 24 15
Maximum event rainfall 2.54 3.81 4.57 9.14
intensity (mm h~1)
Peak discharge at catchment 0.14-0.19 0.18-0.28 0.18-0.27 0.05-0.07

outlet (m?s™1)

both cases. The proportional increases in Tl and FI mean that a con-
stant low TI:FI ratio (~0.3) prevails throughout the event (Fig. 5).

3.2.3. Farmyard pipe fluorescence signals

At the start of the January 2007 event TI, FI and TI:FI ratios were
high in the discharge from the farmyard pipe (Fig. 5). TI had a maxi-
mum concentration of 6.5 RU which is considerably higher than that
found in drainage from the field sub-catchment (maximum 1.0 RU)
and grassland (maximum 0.8 RU) during this event (Fig. 5). As flow
in the farmyard pipe increased, both TI and FI decreased rapidly.
The reduction in TI (6.5 to 1.8 RU) was greater than in FI (3.9 to
2.8 RU) resulting in a marked decrease in the TI:FI ratio (from 1.7 to
0.6) (Fig. 5).

3.2.4. Catchment outlet fluorescence signals

TI, FI and TI:FI ratio responses at the catchment outlet gauge re-
flect the mixing of upstream drainage waters which include wide-
spread surface runoff (including the field sub-catchment) and
contributions from the grassland and farmyard pipes.

During the May and June 2008 events (Figs. 6 and 7) there is an
initial sharp rise in the values of the TI, FI and the TI:FI ratio from
pre-event values of 0.5-1; peaks are most pronounced during the
June 2008 event. During the May and June events the TI rose to values
of 4 and 30, respectively. During the same events the FI rose to values
of 2.8 RU and 13 RU, respectively. In both events the greater response
in the TI index produced peaks in the TI:FI ratio of 1.6 and 2.3,
respectively.

In the January 2007 (Fig. 5) and March 2008 events the start of
sampling followed the onset of the events so it was not possible to
characterise pre-event conditions and thus confirm the existence of
initial peaks. However, the TI and FI show initial high levels that sub-
sequently recede. In January and March the TI has initial values of
3.6 RU and 2.1 RU respectively, whilst the FI has values of 3.1 RU
and 1.5 RU, respectively.

In all four events the TI recession is stronger than the FI recession.
The resulting TI:FI ratio, therefore, recedes steeply throughout the
events from relatively high early values of 1.2 in January 2007, 1.4
in March 2008, 1.6 in May 2008, and 2.3 in June 2008. Furthermore,
data from May and June 2008 illustrate that FI values, and to a lesser
extent TI values, from event recession limbs remain elevated at
~2.5RU and ~3.0 RU respectively, relative to their pre-event levels
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(Figs. 6 and 7). This produces higher TI:FI ratios in pre-event samples
relative to those from the event recession.

3.3. Significance of flow and pollutant contribution from the farmyard
pipe

3.3.1. Quantifying flow components

The strongly contrasting TI signals of coincident discharges from
the wider Den Brook catchment (grassland pipe and field sub-
catchment) and the farmyard pipe enable the use of a 2 component
mixing model (Eq. (1)) to separate discharge contributions at the
catchment outlet (Fig. 8). Discharge from the farmyard pipe can be
estimated using Eq. (2). The TI signal from the farmyard pipe repre-
sents drainage from a range of sources with contrasting TI concentra-
tions (Fig. 3).

=

QW:QO( (1)

Qf =Qo—Qw (2)

where, Qw is flow from wider catchment, Qo is flow at the catchment
outlet, Qf is flow from the farmyard pipe, Cg is TI from the grassland
pipe, Cf is Tl from the farmyard pipe, and Co is TI at the catchment
outlet.

The application of this model assumes that the TI of the wider
catchment drainage water is adequately represented by the grassland
pipe and that conservative mixing occurs prior to sampling at the
catchment outlet with no additional in-channel sources. This is a rea-
sonable assumption given that the grassland pipe is unlikely to be di-
rectly contaminated by farmyard sources of TI and travel times from
where the pipe discharges mix to the catchment outlet (distance of
<200 m) are likely to be very short (<5 min) under most flow condi-
tions. Likely minimum and maximum flow proportions (Fig. 8) were
estimated by using all combinations of the minimum and maximum
TI for each of the three locations (see ranges applied to data in
Table 2).
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Fig. 7. Natural fluorescence of drainage waters in the Den Brook catchment during a summer rainfall event on the 2nd of June 2008.

Uncertainty in the magnitude of the flow components (Fig. 8) in-
creases throughout the event as the TI from each location converges.
From the flow separation illustrated in Fig. 8, it is clear that at the
start of the event the farmyard pipe contributes at least half of the
flow (>52%). This results in the very high TI concentration at the out-
let at this time. However, the wider catchment responds quickly to
the rainfall due to the already wet ground and within 3 h, at the
first hydrograph peak, it represents 62-75% of the outlet flow. The
rapidly increasing contribution from the wider catchment prevents
the farmyard pipe producing a clear peak in TI at the outlet. During
a summer flow event we would expect a slower response from
wider catchment due to the need for it to wet up and a clear initial
peak in pollutants from the rapid contribution of the farmyard pipe
due to the impermeable surface and effective drainage path (e.g.
June 2008 event in Fig. 7).

3.3.2. Quantifying flux components

Fluxes of tryptophan-like material, as indicated by TI, from the
wider catchment and farmyard can be estimated using the discharges
derived from the two component mixing model (Fig. 9) and mea-
sured concentrations in each of the discharges (Fig. 8). At the start
of the January 2007 event, the farmyard contributes 92-95% of the
TI flux at the outlet (Fig. 9) although its discharge contribution may

be as low as 52% (max of 64%). As the wider catchment responds,
the proportion of the outlet tryptophan-like flux contributed by the
farmyard decreases (Fig. 9). Although the farmyard pipe may only ac-
count for 26% (max of 55%) of the total flow at the outlet during this
event it accounts for a minimum of 61% (max of 81%) of the total
tryptophan-like flux.

3.3.3. Using tryptophan concentrations to estimate the amount of slurry

An indication of the amount of slurry being transported from the
farmyard may be estimated by relating the measured tryptophan
index (TI) of a given slurry to that in the discharge from the farmyard
pipe. It is necessary to assume that all tryptophan-like material is de-
rived from slurry and that the source has a signal similar to the given
slurry. As other sources of tryptophan-like material are likely to be
important (see Fig. 3), the estimated amount of slurry discharged
from the farmyard pipe is likely to be a maximum value. Regression
analysis was undertaken on the TI of the dilution series of a slurry
used in the Rowden 2007 experiment (Naden et al., 2010). The TIs
of six dilutions of the slurry, ranging from 1 to 5 g slurry/L deionised
water, were determined. A strong linear relationship resulted with
an r? value of 0.997 (Eq. (3)).

TI=0.8136C—0.1553 (3)


image of Fig.�7

178 G.H. Old et al. / Science of the Total Environment 417-418 (2012) 169-182

Rainfall (mm hr)

8 b 0.2
+ 0.18
7 -
— )
w P \\ -—0G
= = e rasslandPipe, TI| 1 .16
5 6 4 /.\ \‘ {min/max)
& Ve Y ====FarmyardPipe, TI | L o014
£ \ (min/man) -
g 5 | \ w
& — — Outlet, T| to12 E
= {min/max) T
é§- 4 - = Qutlet Discharge T+ 01 §
° {min/max) 5
= (2]
E L. toos &
F ot
Q.
= + 0.06
> 21
= 1 0.04
B e e T 0.02
5_‘___4)“__9,’.’—"‘ e e EeE S S S S = e S T T TS mrrere <. ,..;.——ﬁﬁ“——-::-__:‘___‘_____“ :
0 0
0.14 90
C
T 80
0.12 A
17 o
2
= 0.1 4 = Qutlet 8
o Discharge(min)| + 60 ©
o o
E ====Farmyard Pipe [}
o 0.08 (min/max ) 15 ®©
5 ---- Grassland Pipe a
9 0.06 1 {minf/max} T+ 40
) £
s 130 &
jum | 4 )
a 0.04 8
+20 5
o
0.02 { =
T 10
0 0

17/01/2007 21:00 18/01/2007 03:00

18/01/2007 09:00

18/01/2007 15:00 18/01/2007 21:00

Fig. 8. Discharge source apportionment using a two component mixing model during a winter rainfall event (18th January 2007): (a) rainfall; (b) Tl of discharges from each source;
and (c) calculated flow components. Note: uncertainty is illustrated with minimum and maximum TI values (see Table 2) and resulting flow components.

where, Tl is Tryptophan Index (RU) and C is the concentration of slur-
ry (g slurry/L water).Using this relationship, the total (maximum)
amount of slurry discharged from the farmyard pipe during the 16 h
January 2007 storm event was estimated between 5.4 and
11.1 tonnes. The maximum instantaneous flux was estimated as
0.19-0.35 kg/s.

4. Discussion

4.1. Characterising the fluorescence of potential livestock farming
associated pollutants and catchment drainage waters

Withers et al. (2009) state that there is very little comparative
information on the significance of the multiple sources of pollutants
(in their case P) entering headwaters. Here, both spatial surveys in

January 2007 successfully characterised the natural fluorescence of
DOM in drainage waters throughout the Den Brook headwater catch-
ment. The distinct TI:FI ratios of farmyard drainage waters (contami-
nated with animal feeds and wastes) when compared to drainage
waters from the wider catchment (Fig. 4) confirm the potential capa-
bilities of natural fluorescence as a low-cost and rapid technique for
tracing farmyard pollutants as proposed by Baker (2002). The high
farmyard ratios are likely to reflect the presence of proteins contain-
ing tryptophan amino acids. Ohno and Bro (2006) also report distinct
relatively high TI:FI ratios in water extracts from manure as opposed
to soil.

Variations in the dominance of particular phases of pollutants be-
tween the various sources are also likely to explain, in part, observed
concentration differences. For example, Withers et al. (2009) report
greater proportions of soluble P in runoff from farmyards as opposed
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to agricultural fields. Furthermore, Ohno and Bro (2006) state that
even when soils had been amended with manure TI:FI ratios
remained very low suggesting that tryptophan may become strongly
sorbed onto soil particles. Soluble phase pollutants (e.g. dissolved P
and organic carbon) are important as they are readily transported
through river systems and may play a crucial role in regulating biotic
processes such as algal and bacterial productivity which then impact
on dissolved oxygen concentrations, food web structure, and micro-
bially controlled biogeochemical transformations (Wetzel, 2001;
Sobczak and Findlay, 2002).

Acknowledging the different processing methods applied to fluo-
rescence data, the TI:FI ratios observed in the Den Brook catchment
are comparable to those reported by Baker (2002) from farms in NE
England. The particularly strong TI:FI signal observed in Den Brook si-
lage liquor of 25 is consistent with the values of >20 reported for silage
liquors from Cockle Park Farm, Morpeth, NE England. Furthermore, the

TI:FI signals observed from Den Brook farmyard sources (excluding si-
lage liquor) of ~2-6 closely match those reported for cattle and pig
slurries for two NE England farms of ~2-5. TI:FI signals in samples
from the wider Den Brook catchment (unlikely to be directly contami-
nated with farmyard sources) of 0.3-0.4 closely match values reported
for rivers throughout the British Isles (October 1998-August 2000;
n=242) of 0.374+/—0.41 (Baker, 2002).

Thus natural fluorescence could be used to rapidly detect the pres-
ence of pollution from animal wastes and/or feeds in headwater
streams. The TI:FI ratios may be interpreted to distinguish the likely
sources of the pollution. However, we must acknowledge the likely
high temporal variability in pollutant concentrations in drainage wa-
ters from many of the above mentioned sources. This is comparable to
observed large temporal variations in P concentrations in runoff from
farmyards, roads and fields (Withers et al., 2009). Furthermore, as
human waste also fluoresces in the same regions as pollution from
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animal wastes/feeds (e.g. Hudson et al., 2008) distinguishing this sig-
nal in catchments with sewage effluent inputs or septic tank dis-
charges may be problematic.

4.2. Elucidating the transport pathways and dynamics of livestock
farming associated pollutants during hydrological events

4.2.1. Fluorescence of drainage waters: the Den Brook grassland and field
sub-catchment

TI, FI and TI:FI ratios in discharges from the grassland pipe and
field sub-catchment are low relative to those at the catchment outlet
gauge (Figs. 5 to 7). Flow in the grassland pipe represents both sur-
face and throughflow water from a large grassland area. Fluorescent
signals may be produced by animal excreta, microbial activity and
leachates from soil and vegetation (e.g. Ohno and Bro, 2006). Ob-
served rising concentrations of TI and FI with increasing discharge
during the January 2007 event (Fig. 5) may be explained by the mobi-
lisation of DOM-rich water from within the pipe and from grassland
soils. However, the TI:FI ratio of drainage water stayed relatively con-
stant at ~0.3; consistent with DOM contributions from similar source
materials throughout the event.

Flow from the field sub-catchment is dominated by surface runoff.
Fluorescent signals may originate from a range of grassland sources as
described above. In contrast to the fluorescence response of drainage
from the grassland pipe (observed during the January 2007 event),
discharge from the field sub-catchment showed a rise in TI and FI
throughout hydrograph recessions of the May and June 2008 events
(Figs. 6 and 7). Coincident monitoring of the June event by Granger
et al. (2010) showed that the increasing fluorescence through the re-
cession of the event was consistent with rising DOC. This fluorescence
response may reflect the later arrival of waters following longer path-
ways from more distant parts of the field which will thus have greater
opportunities to accumulate DOM as indicated by DOC, tryptophan-
like and fulvic/humic-like materials.

4.2.2. Fluorescence of drainage waters: the Den Brook catchment outlet

Although impervious surfaces, with rapid hydrological response,
are typically found within urban areas (e.g. Old et al., 2003), farm-
yards may be significant in rural headwater catchments (Withers
and Jarvie, 2008). Several researchers have found runoff from these
surfaces to be polluted with nutrients (e.g. Edwards et al., 2008;
Edwards and Hooda, 2008) of which large proportions are dissolved
and hence readily transported and bio-available (Withers et al.,
2009). Here, the early sharp peaks in TI, FI and the TI:FI ratio during
the May and June 2008 events are consistent with the rapid arrival
of drainage with a high pollutant load from the farmyard pipe
(Figs. 6 and 7). Furthermore, Granger et al. (2010) stated that the
high ammonium concentrations at the catchment outlet gauge,
early in the June 2008 event, were indicative of a farmyard runoff
contribution. With the onset of rain the impervious farmyard sur-
faces, contaminated with animal waste and feed, are likely to imme-
diately generate runoff that is quickly routed through the farmyard
pipe. This was also observed during the January 2007 event when
the farmyard pipe responded with initial high values of TI, FI and the
TI:Fl ratio (1.6) which rapidly decreased (FI to a lesser extent) with in-
creasing flow (Fig. 5). This is consistent with TI being mobilised from
the farmyard and subsequently being diluted by runoff containing ap-
preciable fulvic/humic-like material but less tryptophan-like material
from the surrounding fields.

As farmyard runoff may be generated at any time of year in response
to even small amounts of rainfall, pollutant inputs may occur during the
most ecologically sensitive periods of spring and summer in contrast to
diffuse inputs from agricultural fields (Withers et al., 2009). In the Den
Brook catchment, initial peaks in fluorescence and flow at the catch-
ment outlet were most pronounced during the June 2008 storm event
when the wider catchment was slow to respond to rainfall (Fig. 7;

Table 3). Although a similar total amount of rain fell as in the January
event and its intensity was >3 times greater, peak flows were only a
third of those recorded in January (Table 3). Under these low flow con-
ditions, whilst the soils in the wider catchment remained unsaturated,
water was quickly routed from the farmyard and discharged into the
Den Brook. The lower levels of the TI:FI ratio (~0.5) on the falling limb
of the hydrograph, compared to the immediate pre-storm values
(~1.0), are likely to reflect relatively large contributions of water (possi-
bly subsurface) from the grassland pipe and the field sub-catchment
with low TI:FI ratios and a reduced ratio in discharge from the farmyard
pipe (Fig. 7). The low TL:FI ratios of water draining the field sub-
catchment were witnessed during the recession limbs of events in
May and June 2008 when values ranged from 0.35 to 0.45.

During winter events (e.g. January 2007) when soils are more sat-
urated the catchment is more responsive to rainfall and discharge
from the farmyard pipe is more likely to coincide with higher flows
from the field sub-catchment and grassland pipe and therefore expe-
rience greater dilution in the Den Brook (see Fig. 9).

The impact of such events on water quality at the catchment out-
let will strongly depend on the pollutant concentrations in runoff
from the farmyard; the likely high temporal variability of which was
discussed earlier.

4.2.3. Fluorescence of drainage waters from the field sub-catchment:
response following slurry application

Elevated nutrient concentrations have been reported in runoff/
drainflow from agricultural land following the application of manure/
fertiliser (e.g. Naden et al,, 2010; Withers et al,, 2003; Withers and
Bailey, 2003). Here water samples from the field sub-catchment gauge
during events occurring 2 and 3 weeks after slurry application did not
show enhanced TI concentrations or TI:Fl ratios (loss to the subsurface
is likely to be minimal owing to the clay soil) (Figs. 5 to 7). This is con-
sistent with previous research that has reported high concentrations of
slurry constituents in surface runoff immediately after slurry applica-
tion that rapidly decreased with time (Edwards and Daniel, 1993;
Smith et al., 2001; Westerman and Overcash, 1980; Withers and
Bailey, 2003). It is likely that the absence of underdrainage in the field
sub-catchment is the primary reason for a lack of response in the drain-
age waters. Strong adsorption of the slurry onto soil particles and micro-
bial break-up and immobilisation of fluorescent DOM are two possible
explanations for the lack of response in surface runoff.

Fluorescence degradation experiments undertaken at the RERP
and reported in Naden et al. (2010) provide support for these pro-
cesses. In these experiments slurry was applied to pots of the sterile
medium ‘vermiculite’ and at weekly intervals the fluorescence signal
was determined through extraction using DI water. Results demon-
strated a large initial loss of fluorescence due to adsorption of the
slurry onto the medium. Adsorption onto a grassland/soil surface is
unknown. The strong TI signal present after 1 week rapidly declines
by a factor of four in just 4 weeks. Naden et al. (2010) assumed this
loss was due to microbial activity breaking down the molecules asso-
ciated with the protein-like fluorescence. Furthermore, Ohno and Bro
(2006) compared the fluorescence of aqueous extracts from manure-
amended versus unamended soils to discover that fluorescence signa-
tures were very similar (i.e. low tryptophan). The proposed interpre-
tation here was also that fluorescent species may be sorbed onto soil
surfaces or microbially immobilised. However, microbial activity
within soils may also contribute fluorescent molecules. There is clear-
ly a need to better understand the impact of soil microbial processes
with respect to the fluorescence of drainage waters.

4.3. Significance of flow and pollution contributions from an impervious
farmyard area

Withers and Jarvie (2008) emphasised the need for further data
on fluxes of pollutants (in their case P) associated with runoff from
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farmyard areas to more fully understand their relative importance
and contribution to downstream loads. In the current study the appli-
cation of a two component mixing model allowed an assessment of
the timing and relative importance of the TI flux and discharge contri-
bution from the farmyard to the catchment outlet. The farmyard pipe
was shown to respond quickly at the start of the event with a signif-
icant contribution to the instantaneous outlet discharge (more than
half: Fig. 8) and an extreme contribution to the instantaneous outlet
TI flux (almost all: Fig. 9). Furthermore, the farmyard pipe contributes
a significant amount of the event total outlet discharge (26-55%) and
may account for a major proportion of the event total outlet TI flux
(61-81%). This illustrates how important and dynamic the impact of
an ‘intermediate source’ of pollution may be on a headwater stream.
Other intermediate sources e.g. septic tanks have also been demon-
strated to be important inputs of nutrients to rural headwater
streams (Jarvie et al., 2010).

The equivalent maximum amount of slurry discharged by the farm-
yard pipe was estimated, using a regression equation derived from the
TI of a dilution series of slurry samples, to be between 5.4 and
11.1 tonnes. Where drainage waters from farmyards are not contami-
nated by other sources of TI (in this case silage liquor was a likely
contributor) a more accurate estimate of the flux of slurry could be de-
rived. Furthermore, there is potential to relate the TI of the farmyard
pipe discharge to other nutrient concentrations, BOD and dissolved ox-
ygen concentrations (cf. Baker and Inverarity, 2004) although the vari-
ability in such relationships would need to be explored.

5. Conclusions

This novel study has successfully applied the natural fluorescence
technique to trace key pollutants from livestock farming through a
typical underdrained small but steep headwater catchment with sea-
sonally waterlogged clay soils. Only immediate pollutant losses are
measured here as other fractions may be absorbed onto soil particles
and be mobilised later. Strong fluorescence signals (TI and TI:FI ratio)
associated with waters draining the farmyard contrasted to low level
signals in unpolluted surface waters, confirming its potential as a
tracer of dissolved and thus bio-available and readily transported
livestock farming derived pollutants.

Changes in fluorescence intensities of drainage waters throughout
storm events allowed an assessment of the dynamics of key pollutant
sources. The farmyard area of the catchment studied was shown to
contribute polluted runoff in any season very early in storm events
in response to small amounts of rain when flows in the Den Brook
first-order channel are likely to be low. Effective tracing of farmyard
pollutants using fluorescence was confirmed by the coincident peak
of ammonia during the June event. It is of widespread significance
that large pollutant contributions from impervious farmyards may
enter headwater streams during the most ecologically sensitive pe-
riods of spring and summer. The application of slurry to the field
sub-catchment did not elevate the fluorescence of drainage waters
during storm events occurring 2 and 3 weeks later. Thus when
slurry is applied to undrained fields the fluorescent DOM may
become quickly adsorbed onto soil particles and/or immobilised
through bacterial breakdown.

Fluorescence intensities of drainage waters were successfully
combined with discharge data to estimate pollutant fluxes from key
sources. The application of a mixing model to quantify the ungauged
flow components, in this case the farmyard and wider catchment, was
demonstrated and the method may be applicable elsewhere. The
farmyard was shown to be the dominant source of fluorescent DOM
during storm events in the catchment. This reinforces the case made
by Withers et al. (2009) of the importance of considering intermedi-
ate (e.g. farmyard runoff) and not only traditional point (i.e. sewage
treatment discharges) and diffuse (i.e. agricultural field runoff) pollut-
ant sources. The potential to calibrate fluorescence intensity to actual

pollutant concentration/flux (in this case slurry) was demonstrated
for the farmyard runoff although the uncertainty that is likely to be pro-
duced by diverse and dynamic sources of fluorescence needs further in-
vestigation. In a well constrained system it could increase the efficiency
and effectiveness of monitoring.

Quantifying fluxes of key pollutants is critical to effectively manag-
ing headwater stream pollution. Source apportionment studies should
be integrated with flux estimation to enable detailed assessments of
the degree of abiotic and biotic nutrient assimilation. The most effective
reductions in pollutants may be achieved through reducing major
sources and enhancing instream assimilation (e.g. Withers and Jarvie,
2008). Increasing pressures on rivers from climate change, intensifica-
tion of agriculture, water abstraction, and urban expansion will increas-
ingly require effective management of pollutants.

Therefore, high spatial and temporal resolution measurements of
fluorescence, possibly using novel in-situ fluorimeters, may have
great potential in quickly identifying and quantifying the presence,
dynamics and sources of pollutants in catchments from livestock
farming. This is likely to support the sustainable management of agri-
cultural activities by highlighting problem areas, targeting farm ad-
vice and where appropriate regulation, and assessing the efficacy of
mitigation measures.
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