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Abstract

Salt marshes are important ecological areas and play a significant role in coastal flood defence schemes. In many areas of the UK
they are adjacent to agricultural areas utilised for the growth of cereal crops, for which mecoprop is used as a selective herbicide in
the control of broad-leafed weeds. This study measured concentrations of mecoprop in soils, drainage ditch waters and sediments
and salt marsh sediments over a period of 138 days following spring application. Soil concentrations of up to 1827 pg/g were re-
corded after application, which demonstrated a half life for mecoprop of from 9 to 12 days, with first order kinetics. However, a
major rainfall event 9 days after application resulted in significant transport of herbicide to the salt marsh via subsurface field drains,
drainage ditches and discharge sluice. Mecoprop concentrations of up to 386 pg/l observed in water samples were above UK

guidelines.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Salt marshes constitute 20% of the United Kingdom
coastline, mainly in or close to estuaries (Brampton,
1992). A dominant feature along the East Anglian
coastline, salt marshes are especially important in Essex
where 264 km of the sea defences rely on these natural
barriers for seawall stability and coastal protection
(Dixon et al., 1998). Salt marsh disappearance is widely
documented and attributed to factors such as erosion,
changes in climate and tidal movements and flora dis-
ease. Within the last few years concern has been ex-
pressed over the rise in anthropogenic compounds such
as herbicides and insecticides that may enter the marshes
and increase their rate of decline (Leggett et al., 1995).

Along the Essex coast many farm sites drain directly
onto the salt marshes via sluices, therefore there is a
potential for the contamination of the Essex salt marshes
due to their proximity to intensively managed agricul-
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tural areas. Mecoprop is the most commonly used se-
lective acid herbicide in the UK for the control of broad-
leafed weeds in cereal crops, predominantly due to its use
with the production of winter cereals as herbicide ap-
plications are now required in autumn and in spring.
Following application of mecoprop, several factors
influence the degree of transport through the environ-
ment. These include herbicide properties (solubility, af-
finity for complexation or adsorption and persistence),
soil characteristics (soil type, moisture and organic
carbon content) and climatic conditions (rainfall and
temperature) (Frank et al., 1982). The timing of a
rainfall event is critical for herbicide transport due to
their relatively short half lives, with most herbicide
transport occurring within the first few weeks after ap-
plication and particularly following heavy rainfall
(Wauchope, 1978). The contamination in runoff depends
upon the residual herbicide concentrations in the soil,
the moisture content of the catchment area before
rainfall and on the characteristics of the rainfall. The
extent of leaching is dependent on vegetative cover, soil
type and climatic conditions. Prolonged periods of dry
weather before the first significant rainfall for example
allows herbicides to degrade in soil before runoff occurs.
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The partitioning of herbicides between the aqueous
and solid phases during runoff events is important with
respect to herbicide mobility, transport and potential
availability to non-target organisms away from the
point of application. Acid herbicides are generally rela-
tively polar and ionisable, with high water solubilities
and low affinities of adsorption to sediments or soils
(Wauchope et al., 1992). Their low sorption potential
indicates that they are likely to be leached from soils if
not decomposed or biodegraded on surface layers
(Helweg, 1993). Mecoprop is very mobile with leaching
from the soil column occurring immediately after ap-
plication and a rain event (MAFF, 1994). Organic mi-
cropollutants such as acid herbicides may degrade
through biological, chemical and physical degradation
processes, however, in the environment, biological de-
gradation is the most common pathway. Half lives in
soils have been reported as ranging from 10 to 25 days
(Wauchope et al., 1992).

The aim of this study was to trace mecoprop leaching
from fields of application to the sediment and water in
an adjacent salt marsh, taking into consideration the
environmental influences, and to quantify the inputs of
mecoprop onto the salt marsh in relation to the field

spray.

2. Materials and methods

The study site, which was typical of the area, was
located on the Essex coast of England, south of Har-
wich. The focus of the study was an 11 ha plot, within a
larger, controlled catchment of approximately 200 ha
consisting primarily of arable fields, where a total of
92.4 kg of mecoprop were applied to a total of 77 ha, a
loading of 120 mg/m?, equating to 13.2 kg on the 11 ha
plot. This 11 ha plot was selected as it had a hydro-
logically isolated network of subsurface drainage which
discharged through a single field drain (Fig. 1). The edge
of the field farthest from the seawall followed the 10 m
contour above sea level. Drainage pipes were located 0.5
m below the field surface, and the field drain discharged
directly to the main drainage ditch system, which sub-
sequently discharged to sea via a sluice. The site dis-
charged into Hamford Waters, an area of embayment
salt marsh with no direct fluvial inputs. The field soil
cover consisted of sandy loam (organic matter content
of 3-3.8% in the top 2.5 cm) with underlying bedrock
throughout the area being predominantly London clay.

2.1. Sampling

Field soil samples were collected from a square sam-
pling site (20 mx20 m) towards the lower edge of the
gently sloping, flat field (Fig. 1), to a depth of 2.5 cm over
a period of 5 months. The area was assumed to be rep-

resentative of the site and selected to give data on tem-
poral, rather than spatial variation. Samples were
collected on 18 dates totalling 72 soil samples. The first
date was day 0 (15th April 1993) before spraying, the
second was on day 1 (directly after spraying). Samples
were then taken daily for 7 days followed by fortnightly
for 8 weeks until day 64. The frequency was then further
reduced and samples were taken at 4 week intervals until
day 138.

Analysis of water from the field drain, which collected
all the rainwater percolating through the 11 ha plot, al-
lowed the measurement of the total flux of mecoprop
discharged via this route to the drainage ditch. Two
water samples were taken from the drain before the ap-
plication of mecoprop to evaluate background concen-
trations. Subsequently, samples were taken twice daily
when the field drain was discharging. Flow rates from the
field drain were measured at the discharge point.

Water samples were taken from the main drainage
ditch on the landward side at the entrance to the sluice.
Background samples were taken fortnightly for a period
of 12 weeks prior to the April application of mecoprop.
Sampling frequency was then increased for a further 18
weeks to the end of the salt marsh flowering season.
Samples were taken manually and using an EPIC EPS
1011 portable automatic effluent sampler (EPIC Prod-
ucts Ltd., Salford, UK). Following the first significant
rise in the drainage ditch water level, the autosampler
was programmed to run continuously and take one 500
ml sample every hour for 24 h. Manual samples were
collected twice daily for the first 40 days and then daily
for the remainder of the test period.

All water samples remained unfiltered after collection
to represent the total mecoprop input in the aqueous and
particulate phases. They were collected in 2.5 1 amber
glass bottles, with the addition of 250 ml of dichlorom-
ethane and 5 ml of concentrated sulphuric acid, stored in
the dark at 4 °C and analysed within 72 h of collection.

Sixteen days after mecoprop spraying and 7 days
following the main rain event, sediment core samples
were collected at three locations with a Jenkins corer.
One core was located within the drainage ditch, directly
adjacent to the field drain discharge pipe, another at the
sluice entrance (landward side) and a third in the
drainage channel seaward of the sluice exit (Fig. 1).
Sediment cores ranged from 10 to 25 cm deep.

Salt marsh sediment core samples were taken using a
device developed for the study (Fletcher et al., 1994a),
16 days and 97 days after spraying, on each occasion
two core samples were taken. One core was located on
the mudfiat, 3.2 m from the sluice drainage channel and
20 m from the sluice, the core depth was at least 40 cm.
The second core was located on the vegetated marsh
(predominately Puccinillia maritima), 23.4 m from the
sluice drainage channel and 40 m from the sluice, the
core depth was 55 cm (Fig. 1).
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All sediment cores were sectioned at 5 cm intervals,
sediment physico-chemical analyses were undertaken on

site and samples were stored at —18 °C for subsequent

mecoprop analysis. On the salt marsh, sediment type

and consistency, plant detritus, vegetation cover and the
presence or absence of vertebrates were recorded.

pentafluorobenzyl bromide and final analysis by gas
2.2. Analysis

chromatography with electron capture detection. Total

solids were determined by gravimetric analysis accord-
ing to standard methods at 105 °C (Standing Committee
of Analysts, 1980).

3. Results
Mecoprop concentrations were determined with a
method based on that used by Hill et al. (1983), and has
been described in detail elsewhere (Fletcher et al.,
1994b). It

3.1. Concentration of mecoprop in the soil surface
involved extraction, derivatisation with

Before spraying, all sample sites exhibited mecoprop
concentrations below the limit of detection (0.2 ug/kg).
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The spray application rate of 1.2 kg/ha of active ingre-
dient was equal to 120 mg/m? of mecoprop. The average
concentration determined in the top 2.5 cm of soil within
approximately 2 h of spraying was 1827 pg/kg, equiva-
lent to a concentration of approximately 45.0 mg/m?, or
approximately 38% of the applied mecoprop, with the
remainder probably being associated with vegetation.
After the initial rapid rise in concentrations of meco-
prop, they were observed to decrease to 580 pg/kg by
day 9. As a result of the rainfall event on day 9, the
concentration fell by almost an order of magnitude to 72
pg/kg by day 10 (Table 2). Subsequently, concentrations
declined to below detection limits by 93 days after
spraying although an increase in soil concentrations in
the area sampled between days 65 and 79 (Table 2 and
Fig. 2) may have been the result of transport over the
site, influenced by local topography, due to the rainfall
event on day 62 (Table 1).

The degradation of the mecoprop applied can be
demonstrated by plotting the concentration on a loga-
rithmic scale against time (Fig. 2). The degradation is
demonstrated to be essentially first order, with a sig-
nificant step appearing in the plot between days 9 and
10, due to a rapid reduction in concentrations as a result
of the rainfall event. Between days 1 and 9, a half life of
12.5 days was observed, calculated from the slope of the
best-fit line and the equation:

Half life(t,,) = —K/In2

where 1, is the half life in days and K is the slope of the
line. From days 10 to 37, degradation in the soils con-
tinued, with a half life of 9.9 days, however, after this
there was little change until day 93 when concentrations
of mecoprop decreased and subsequently remained be-
low the method detection limits (Table 2). This may
have been related to rainfall events between days 85 and
89 (Table 1) resulting in further leaching or the increase
in soil moisture concentrations (Table 2) allowing for
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Fig. 2. Natural log (In) of soil mecoprop concentrations against time,
with slope of regression lines through days 1-9 and days 10-37. The
step indicates loss through the rainfall event.

Table 1
Rainfall history at the study site

Datum time Date Rainfall Rainwater
(days) (mm) sampling
0 April 15th 0.0

1 16th 2.0

2 17th 1.0 Collected
8 23rd 3.0

9 24th 20.5 Collected
23 May 7th 1.0

33 18th 6.0

34 19th 5.5

35 20th 9.0 Collected
41 26th 3.5

44 29th 5.0

48 June 2nd 1.5 Collected
56 10th 1.5

57 11th 3.0

58 12th 5.5

59 13th 6.0

60 14th 5.0

62 16th 15.0

63 17th 1.0 Collected
69 23rd 1.5

85 July 9th 7.0

89 13th 12.0

91 15th 4.0 Collected
94 18th 1.5

95 19th 5.5

100 24th 6.0

101 25th 6.0

102 26th 2.0

103 27th 1.5

104 28th 1.0

105 29th 1.5 Collected
111 August 4th 1.0

116 9th 1.0

118 11th 12.5

119 12th 4.0 Collected
121 14th 3.0

greater microbial activity. Calculation of the half lives is
based on the slopes of lines from Fig. 2, and the validity
of the data may be demonstrated through the signifi-
cance of the regression lines. From days 1 to 9, the re-
gression was not significant (+> = 0.58), however,
between days 10 and 37, the regression was significant
(r* = 0.91; 99.9% confidence limit) which would indicate
that a half life for mecoprop of 9.9 days is the most
reliable figure.

3.2. Mecoprop runoff from the plot

Discharge from the field drain which collected from
the 11 ha plot was monitored along with the concen-
tration of mecoprop (Fig. 3). This discharge accounted
for leaching through the soil column, and excluded
surface runoff. The maximum concentration of meco-
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Table 2
Soil mecoprop concentrations and moisture content throughout the
study period

Date Days after Mecoprop Moisture (%)
spraying concentration
(ng/kg)

April 15th 0 ND 16.3
16th 1 1827 12.5
17th 2 1188 15.0
18th 3 634 15.2
24th 9 580 16.1
25th 10 72 18.3
May lIst 16 86 20.7
5th 20 46 18.6
8th 23 23 18.9
22nd 37 2 19.4
June 5th 51 2 21.4
19th 65 8 20.8
July 3rd 79 5 26.6
17th 93 ND 23.8
31st 107 ND 19.6
August 12th 119 ND 21.7
27th 134 ND 21.1

ND denotes concentration below the limit of detection (0.2 pg/kg).

prop (386 pg/l) coincided with the peak flow rate of 474
I/h within 12 h of the rainfall on day 9, implying that
transport of mecoprop through the soil layer and into
the drainage pipes, located at a depth of 50 cm below the
field surface was rapid. During the first 20 days after
application, the mass of mecoprop discharged through
the field drain was determined to be 5.7 g, or approxi-
mately 0.04% of active ingredient applied. After day 20
no further flow was observed from the field drain, de-
spite the further rainfall that occurred over the period
(Table 1).

The discharge from the drainage ditch, to sea, which
encompassed all water from the whole 77 ha farm site
followed a similar temporal pattern to that from the
study plot, with flows through the sluice increasing from
156 m? per day before rainfall to over 500 m? per day

Flow rate L/h
Concentration ug/L

1 2 4 6 8 0 12 14 16 18 20
Time (Days)

Fig. 3. Water flows (l) and mecoprop concentration (O) from the field
drain observed over the first 20 days after spraying.
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Fig. 4. Mass of mecoprop discharged to sea over 12 h periods via the
sluice up to day 36.

during day 10 (one day after the rainfall). Concentra-
tions of mecoprop increased rapidly in discharge, from
<5 pg/l to approximately 25 pg/l over a period of 4 days
after the rainfall event. This resulted in a total discharge
of 114 g of mecoprop to the surrounding salt marsh
throughout (0.12% of the total applied to the site) over
the first 37 days of the study, with 77% of this occurring
within 6 days of the rainfall event (Fig. 4).

3.3. Drainage ditch core samples

The mecoprop concentrations measured in the three
core samples along the drainage ditch route are shown
in Table 3. The concentrations varied from less than the
detection limit to a maximum of 5.4 pg/kg. The highest
concentrations were in the sluice exit core and no her-
bicide was detected in the field drain core. It is possible
that high flow rates may have contributed to the trans-
port of sediments with bound residues of herbicides to
the seaward side of the sluice.

3.4. Mecoprop contamination in salt marsh sediment core
sediments

Prior to spraying, in core samples taken in November
1992 and March 1993, mecoprop was not detected in
sediments from non-vegetated marsh adjacent to the
sluice drainage channel and only in the upper sediments
of the vegetated marsh at mean concentrations of 0.7
and 0.4 pg/kg. On the 16th day after spraying with
mecoprop (7 days after the main rain event) the results
demonstrated increased concentrations of mecoprop in
sediment samples, with maximum concentrations ob-
served in sediments from the mudflat by the drainage
channel. Concentrations had increased up to 9.9 pg/kg
and mecoprop was found at depths of up to 40 cm in the
sediment (Fig. 5a). Eighty three days after spraying,
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Table 3
Sediment mecoprop concentrations (pg/kg dry weight) in cores from the drainage ditch adjacent to discharge of the field drain and from the land and
seaward sides of the discharge sluice

Datum time (days) Core location Core depth (cm) Mecoprop concentration (pg/kg) Moisture (%)
Day 16 Drainage ditch field drain 2.5 ND 51.1
5 ND 50.2
10 ND 48.2
Day 16 Sluice entrance (landside) 2.5 ND 53.1
5 0.5 54.4
10 1.3 66.4
15 ND 56.5
22 ND 52.1
Day 16 Sluice entrance (seaward) 2.5 4.1 60.7
5 5.4 59.0
10 2.0 57.7
15 ND 55.8
20 ND 55.5
25 1.4 54.4
Mudflat (non-vegetated) Vegetated marsh
Mecoprop concentration (Lg/kg) Mecoprop concentration (1g/kg)
2 4 6 8 10 2 4 6 8
0-5
2 5-10
2
= 10-15
:
5 15-20
2
5  20-25
<
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Fig. 5. Mecoprop concentrations in sediment cores from vegetated and non-vegetated (mudflat) areas 16 days after sampling and 83 days after
spraying. (a) Samples taken day 16, 7 days after the rainfall event. (b) Samples taken day 83, 74 days after the rainfall event.

concentrations in sediments from the core samples taken 4. Discussion

(74 days after rainfall) had declined, falling in the range

<0.2-3.7 pg/kg and the maximum values in the vege- This study has followed the fate of a herbicide,
tated core again exceeded those in the non-vegetated mecoprop, after application to agricultural land where

(mudflat) sediments (Fig. 5b). runoff is discharged to adjacent salt marshes via field
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drains, drainage ditches and a sluice system. Losses from
the fields were strongly influenced by a single rainfall
event, as has been observed by other workers (Wauc-
hope, 1978; Willis and McDowwel, 1982; Klaine et al.,
1988). However, losses within the field soils also depend
on factors such as soil moisture and organic matter
content (Frank et al., 1982; Harris et al., 1991; Albanis,
1992). Site topography may also play a role in deter-
mining the fate of contaminants in runoff although
studies on this variable have tended to focus on larger
catchment areas than covered in this work. Distance
from the drainage network of 50-100 m was determined
to be critical in transport due to subsurface runoff in
inter-storm periods (Colin et al., 2000) although this was
not necessarily true for peak runoff, which was observed
during the rainfall event in this study. The use of the
SoilFug model, which does not include site specific in-
formation such as topography, was shown to give good
correlation with field data by Williams et al. (1995) on a
150 ha site with “gentle slopes” and total variation in
elevation of 39 m, with field drains at 20 m intervals. On
a larger, basin scale of 400 km? the SoilFug model was
used with GIS to account for natural characteristics,
however, the surface was described as “almost com-
pletely flat”. The work demonstrated that in relatively
homogenous areas, fugacity modelling alone (with good
quality input data) was likely to be a good predictor
(Barra et al., 2000). It is therefore probable that in this
present study, with the size of site and proximity of
drains that topography had little influence on the main
runoff event.

The soil half lives calculated from Fig. 2 agree with
the range reported by Helweg (1993), in particular with
the data reported for dry and in flooded soil (25% and
200% of total water holding capacity) where values for
half lives were estimated at 10 and 15 days. A half life
for MCPA, a herbicide from the same family as meco-
prop, of 5 days has been reported in a study of herbicide
transport from agricultural land, indicating that the acid
group (acetic or propionic) may influence the half life of
the chlorophenoxy herbicides (Williams et al., 1995).
This study also concluded that the total mass of pesti-
cides lost through runoff was a small proportion (<1%)
of the total applied, however, high concentration pulses
did occur in the field drains and local streams.

The discharge through the field drain accounted for a
smaller percentage of the total applied than observed in
other studies as the field drain collected only percolated
water, and overland flows are reported to account for
over 60% of herbicide inputs into watercourses (Frank
and Sirons, 1980). High concentrations of herbicides
after significant rainfall events have been attributed to
point sources such as runoff from hard surfaces as op-
posed to diffuse runoff sources (Harris et al., 1992).
Harris also observed that although lower in concentra-
tion, inputs from diffuse sources occurred over longer

periods. The occurrence of peak water volumes with
peak concentrations was consistent with other studies
(Gomme et al., 1991; Harris et al., 1991) and indicates
rapid transport mechanisms such as overland flow and,
as in this study, routes through the soil drains also
providing a pathway to drainage ditches.

The rate of herbicide degradation combined with the
timing of rainfall events following mecoprop application
appears to be important with respect to leaching and
transport from agricultural soils. The mecoprop in the
field drain represented that which had percolated
through about 50 cm of soil from the hydrologically
isolated 11 ha plot. Over the 20 day period of flow from
the field drain, the total mass of mecoprop discharged
from the plot was 5.7 g. Although this was only 0.04% of
the total applied, the concentrations in the field drain
waters did exceed the UK Department of Environment
Toxicological Guideline maximum for surface water of
10 pg/l by an order of magnitude for several days and
herbicide concentrations of the same magnitude were
observed by Williams et al. (1995) in drainage water.
Atmospheric depositions have previously been reported
as a significant source of some herbicides in the envi-
ronment (Chevreuil and Garmouma, 1993), however, in
this study inputs via this pathway were not observed.

Mecoprop residues were not detected in sediments
from the drainage ditch by the field drain, however, they
were detected both landward and seaward of the sluice.
This may have resulted from settling of flushed partic-
ulate matter in these areas, with subsequent flushing
through the sluice resulting in higher concentrations at
the seaward side. A concentration of 1.4 pg/kg meco-
prop at 25 cm at the seaward sluice entrance may be due
to lack of biodegradation at that depth as mecoprop is
persistent in anaerobic conditions (Gintautas et al.,
1992). Mecoprop has more affinity for the aqueous
phase than the sediment phase, resulting in high mo-
bility, explaining why it can be found at depths through
the sediment matrix.

Previous studies (Fletcher et al., 1995) have shown
that mecoprop may accumulate in sediments from veg-
etated marsh over time and persistence of mecoprop
residues has also been reported under anoxic conditions
which are typical of salt marsh sediments (Babicka and
Hubacek, 1988; Buisson et al., 1989; Gintautas et al.,
1992). In addition, organic carbon content of natural
sediment has been shown to be the primary factor
controlling the adsorption of anthropogenic compounds
(Karrickhoff et al., 1979) and the lower carbon content
typical of non-vegetated sediments may also affect re-
tention. The occurrence of mecoprop to depths of 40 cm
within the salt marsh sediment is not clearly understood.
However, this distribution pattern of mecoprop may be
explained by either the occurrence of preferential water
flow pathways arising from cracking in the sediment or
by the activities of burrowing fauna, or it may be
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attributed to the low affinity of mecoprop adsorption and
association with interstitial waters in agricultural soils.

5. Conclusions

Around 0.04% of the applied mecoprop was trans-
ported through the soil to the field drain from the 11 ha
field studied, the majority of this occurred within 6 days
of significant rainfall.

Maximum concentrations of mecoprop in the drain-
age ditch water, from 77 ha of treated fields, corre-
sponded to maximum water flow indicating rapid
transport from the field soils to the drainage ditch. The
relationship observed in this study between the drainage
water volume and the mecoprop concentrations accen-
tuates the dependence of the herbicide mass fluxes upon
major rainfall events.

After spray application, mecoprop contamination
occurred initially within vegetated and non-vegetated
marsh sediments. Over a period of 3 months, mecoprop
concentrations exhibited a more rapid decline in sedi-
ments from non-vegetated (mudflat) areas then in areas
of vegetated salt marsh.
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