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ABSTRACT effective prevention and management strategy. Water
pollution originates from two different sources: pointReducing pesticide loads in surface waters implies identifying the
and nonpoint sources. In the literature this terminologypathways responsible for the pollution. The current study documents

the pesticide contamination of the river Zwester Ohm, a 4917-ha is not used consistently (DeCoursey, 1985; Frank et al.,
catchment in Germany with 41% of the land used for crop production. 1982; Léon et al., 2001; Mohaupt et al., 2000; Novotny,
Discharges and concentrations of 19 pesticides were measured contin- 1988). In accordance with Léon et al. (2001) and Mo-
uously at three locations for 15 mo. The load detected at the outlet haupt et al. (2000), in this paper point-source pollution
of the catchment amounted to 9048 g a.i. The losses represent 0.22% is defined as the discharge of a discrete identifiable
of the pesticides applied by the farmers. The contamination showed source, such as a waste pipe. The pesticide load, which
a seasonal pattern following the pesticide application times. The

is contributed to a stream by a wastewater treatmentwastewater treatment plant system (WWTPS) in the catchment (two
plant system (WWTPS) including emissions by waste-wastewater treatment plants [WWTP], 14 combined sewer overflows
water treatment plants (WWTP) and combined sewer(CSO), four CSO tanks) emits during dry weather periods purified
overflows (CSO), is referred to as PSP. These loadssewage and during storm events sewage mixed with stormwater runoff

into the river. The contribution by the WWTPS to the pesticide load result from disposal of pesticides and filling and cleaning
was defined as point-source pollution (PSP). The load was dominated of spraying equipment on farmyards during dry weather
by PSP with at least 77% of the total pollution. No significant interde- periods, as well as from washing off pesticide residues
pendencies between intrinsic properties of the pesticides, hydrometeo- from impervious areas (farmyards, streets, roofs, etc.)
rological factors, and the loads occurring in the stream could be found. during storm events. On the other hand, transport pro-
Therefore, it is not possible to predict PSP for other catchments based cesses such as soil surface runoff, interflow, preferential
on the results from this study. Whereas 65% of the total load entered

flow, leaching, atmospheric depositions, and spray driftthe river via the WWTP, a portion of 12% was attributed to the CSO.
lead to nonpoint-source pollution (NPSP).The study points out that the influence of CSO on PSP should be taken

In the past, intensive field studies were carried outinto account in future catchment studies in areas with comparable
to characterize the main pathways by which a pesticideagricultural structure.
might be transported through the soil into surface wa-
ters. Much effort has been invested in understanding
the spatial and temporal fate of pesticides in soils (Flury,The use of pesticides is indispensable for conven-
1996). Most studies have focused on plot scales (Gaynortional labor-extensive farming systems. Pesticides
et al., 1995; Kladviko et al., 1991). The main objectivesguarantee high production levels and quality standards,
of catchment studies have been to monitor the occur-but they are also partially lost to the atmosphere and
rence of pesticides in surface waters (Donnelly and Fer-hydrosphere of agroecosystems. As pesticides are toxic
rari, 2001; Dubrovsky et al., 1998; Fenelon and Moore,by nature, they can endanger the aquatic ecosystem and
1998; Harman-Fetcho et al., 1999; Laroche and Gallich-diminish its quality as a drinking water supply. The gen-
and, 1995; Pereira et al., 1996; Williamson et al., 1998)eral public is, therefore, concerned about the possible
or to calculate the total load of pesticides in surfaceeffects of pesticides on ecosystems and human health.
waters (Bach and Frede, 1996; Isenbeck-Schröter et al.,Recent monitoring programs have found the presence
1998; Larson et al., 1995, 1999). In other studies, theof pesticide residues in surface and ground water bodies
relative importance of different nonpoint-source contri-in Europe (Albanis et al., 1998; Barcelo et al., 1996;
butions to the total load has been characterized (NgCarter, 1999). The EC Drinking Water Directives (80/
and Clegg, 1997; Rawn et al., 1999). Catchment studies778/EC, 98/83/EC) stipulate the requirement that not a
differentiating between point and nonpoint-source pest-single pesticide should exceed 0.1 �g L�1 in drinking
icide contamination are fewer in number. Most of thesewater. Minimization of water contamination is prefera-
investigations are limited to small catchments (Fischer,ble to avoid noncompliance with legislation and the costs
1996; Mason et al., 1999) or to only the dominant appli-of water treatment. A sound understanding of pesticide
cation period (Seel et al., 1994). Frank et al. (1982)dynamics in the environment is a prerequisite for any
identified runoff as a predominant mechanism for the
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Fig. 1. Location of sampling sites in the catchment area.

with a vertical resolution of 5 m (�3 m) (Nöhles, 2000). Theinto consideration, in spite of the fact that nearly all
catchment has an undulating topography and is located 200catchments in Europe are drained by a mixed sewage
to 400 m above sea level. The climatic conditions are character-system (Mulliss et al., 1996).
ized by an average annual precipitation of 585 mm and anThe objective of the project described in this paper
average temperature of 8�C.was to determine annual input and output of pesticides

Luvisols, Cambisols, and Stagnic Gleysols (FAO system)for a typical mesoscale agricultural catchment in Ger- are the main soil types in the catchment, depending on the
many. Furthermore, the relative importance of normal parent material and the ground water level. Soils derived from
field use of pesticides, referred to as NPSP, and of han- loess are dominating. Based on the SCS curve number method
dling of pesticides and sprayers on impervious areas (USDA, 1972) the soils in the catchment were classified into
(PSP) for the detected pesticide loads was determined. hydrologic groups. Soils of the hydrologic group C are domi-

nating, which are silt and clay loams with a low infiltration
capacity, prone to runoff. About 23% of the arable area is tileMATERIALS AND METHODS
drained.

Catchment The landuse in the catchment (1997–1998) was mapped, sup-
ported by photos of aerial surveys at a scale of 1:5000 (Hes-The investigated catchment, totaling 49.7 km2, is located in
sisches Landesvermessungsamt Wiesbaden, 1990). The infor-a low mountain range in the middle of Germany (federal state
mation gained was digitalized with the geographic informationHessen, county Marburg-Biedenkopf), 10 km south of the city
system ERDAS IMAGINE 8.3 (Fa. Geosystems, Munich),Marburg, in the municipality Ebsdorfergrund. The catchment
which showed that about 41% of the land was used for cropis drained by the river Zwester Ohm (Fig. 1). The boundaries
production, with another 20% fallow land and pastures, andof the catchment, as well as the flownet of the Zwester Ohm,
30% forest. The crop rotation systems are dominated by winterwere calculated by means of the model TOPAZ 1.2 (Topo-
cereals (Table 1), reflecting the extensive character of agricul-graphic Parameterization; Garbrecht and Martz, 1995). The
ture in the region.database used was a digital elevation model (625-m2 grids)

Pesticide UsageTable 1. Field crops surveyed for pesticide use pattern in the
catchment. The rural catchment is inhabitated by 9600 persons of which

Crop Area 164 are farmers, with an average farm size of 27 ha. Farmers
living in the catchment were asked to complete a questionnaireha %
concerning the farm, the crops, and the pesticide usage (typeWinter wheat (Triticum aestivum L.) 686 34
of pesticide applied, dosage, dates of spraying). This was doneWinter barley (Hordeum vulgare L.) 481 24

Rye (Secale cereale L.) 106 5 three times for each of the application periods in the investiga-
Summer barley 50 3 tion period (spring 1997, fall 1997, spring 1998). About 75%
Oat (Avena sativa L.) 159 8 of the farmers with 69% of the arable land participated in theOil rape seed (Brassica napus L.) 278 14

investigation. Using the results from the inquiry and fromMaize (Zea mays L.) 81 4
Sugar beet (Beta vulgaris L.) 48 2 mapping of the landuse in the catchment the pesticide usage
Root crops 117 6 for the entire catchment was inferred from data on crop acre-
Total 2006 100 age and the average application rates of pesticides on specific
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Table 2. Applied amount and farm-specific and unit-area loading of the Zwester Ohm catchment during the investigation period (10
Mar. 1997–31 May 1998).

Pesticide Area† YX‡ Loading Specific load

ha kg g g ha�1 % of YX g farm�1

Atrazine 94 – 87.4 0.93 – 0.53
Carbetamide 280 41 293.0 1.05 0.71 1.79
Chlortoluron 1435 – 19.5 0.01 – 0.12
2,4-D 1435 – 11.8 0.01 – 0.07
Dichlorprop-P 1435 610 535.2 0.37 0.09 3.26
Dimefuron 280 21 139.3 0.50 0.66 0.85
Diuron – 1126.9 – – –
Fenpropimorph 1435 116 16.8 0.01 0.01 0.1
Isoproturon 1435 2029 4606.0 3.21 0.23 28.09
MCPA 1435 321 825.1 0.57 0.26 5.03
Mecoprop-P 1435 263 239.6 0.17 0.09 1.46
Metamitron 58 40 246.1 4.24 0.62 1.50
Metazachlor 280 111 468.6 1.67 0.42 2.86
Metolachlor 94 – 340.9 3.63 – 2.08
Pirimicarb – nd§ – – –
Simazine – 39.0 – – –
2,4,5-T 1435 – 11.3 0.01 – 0.07
Terbuthylazine 94 47 24.4 0.26 0.05 0.15
Triadimenol 280 – 16.7 0.06 – 0.10
Total 9047.6
Total¶ 1867 3599 7881.7 4.22 – 48.06

† Area of the relevant crops for which the pesticide was used.
‡ Applied amount of the pesticide.
§ Not detected.
¶ Simazine and diuron are not used in agriculture and are not considered.

crops by probabilistic statistics (Müller, 2000). Non-agricul- SP 2, and SP 3 in Fig. 1): The detected pesticide load at SP
3 entered the stream via the WWTP in Wermertshausen. Here,tural applications of pesticides are difficult to quantify, but Der

Rat von Sachverständigen für Umweltfragen (1998) estimated NPSP can be excluded, as the catchment of this sampling point
is mainly used for pastures. Not a single arable field is adjacentthat in 1997, agricultural applications accounted for 80% of

the total nationwide pesticide usage. Only 9% of the catchment to the stream. The contribution of the WWTP, located in
Hachborn, to the PSP was calculated by subtracting the de-has urban character (settlements, streets); therefore, non-agri-

cultural pesticide applications were neglected in this study. tected loads at the sampling site directly upstream of the
WWTP from the loads found downstream from the WWTPThe estimated total amount of pesticides applied within the

catchment during the investigation period amounted to 4600 (Fig. 1). Since the distance between the two sampling sites
was only about 500 m, NPSP on this part of the stream couldkg a.i. with 61 different compounds contributing to this total.

Pesticides included in the analyses of this study represented be excluded.
During storms it was not possible to measure the PSP di-78% of the total amount applied. The overall pesticide use

was dominated by herbicides (92%) and 68% of the total rectly. The 14 CSO could act as point sources for pesticides
by emitting sewage mixed with stormwater runoff to thepesticide amount was applied in spring. Details on the pesti-

cide usage are presented in Table 2. stream. The empirical model MOMENT 4.0 (Brandt-Gerdes-
Sitzmann-Wasserwirtschaft GmbH, 1997) was applied to cal-
culate the overflow volumes from the CSO. The model is notIdentification of Input Pathways for Pesticides
capable of computing pesticide concentrations in the effluents.into the River
When a pesticide load was determined at the sampling site

The WWTPS in the catchment features two WWTP, 14 SP 2 and an overflow volume from the CSO was modeled for
CSO, and four combined sewer overflow tanks. During dry the same day, the pesticide load was identified as PSP.
weather periods the sewage delivered to the two WWTP origi-
nates from households and farms located in the catchment, Surface Water Samplingwhich are all connected to the WWTPS. The purified sewage
is emitted into the stream via the WWTP. During storm events The investigation period extended to 15 mo covering two

spring application periods and one fall application period (10pesticides that accumulate on impervious surfaces within the
catchment boundaries (roofs, streets, farmyards, etc.) are Mar. 1997–31 May 1998). Throughout this period surface water

samples were collected continuously at three sampling siteswashed off into the WWTPS. Stormwater runoff is mixed with
sewage in the sewer. This mixed water is emitted into the river in daily time steps (Fig. 1). The sampling was performed with

automatic samplers (ISCO [Lincoln, NE] 3700), with eachafter its purification in the WWTP. The CSO and the combined
sewer overflow tanks are activated only if a critical discharge sample being a composite of subsamples taken at 10-min inter-

vals. Samples were collected in glass bottles washed with meth-in the sewer is exceeded. The surplus of mixed water is either
stored in the combined sewer overflow tanks until discharge anol. To inhibit dissipation of the pesticides during the collec-

tion period, water samples were cooled to 4�C. Each day theconditions in the sewer are back to normal and then routed
to the WWTP for purification, or it is emitted into the river samples were delivered to the laboratory and were kept frozen

at �20�C until analysis. During the main application periodswithout passing the WWTP by the CSO, which are located
all over the catchment. every daily sample was analyzed, but during the remainder of

the year the samples were combined to weekly samples. TheDuring dry periods, the PSP of the Zwester Ohm catchment
could be determined directly by analyzing water samples up- water samples were analyzed for 19 pesticides of relevance

for the area (Table 3).stream and downstream of the WWTP (sampling sites SP 1,
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Table 3. Physico-chemical properties of the pesticides included in the investigation (Huber, 1998), recovery rates, and limits of detection.

Common name Chemical name (IUPAC) KOC DT50 RR† LOD‡

L kg�1 d % �g L�1

Atrazine 6-chloro-N2-ethyl-N4-isopropyl-1,3,5-triazine-2,4-diamine 100§ 60§ 91.0 0.04
Carbetamide (R )-1-(ethylcarbamoyl)ethyl carbanilate 10¶ 60¶ 97.1 0.03
2,4-D 2,4-dichlorophenoxyacetic acid 38 10 91.3 0.04
Chlorotoluron 3-(3-chloro-p-tolyl)-1,1-dimethylurea 235 27 98.8 0.01
Dichlorprop-P (R )-2-(2,4-dichlorophenoxy)propanoic acid 20 12 91.4 0.02
Dimefuron 3-[4-(5-tert-butyl-2,3-dihydro-2-oxo-1,3,4-oxadiazol-3-yl)-3-chlorophenyl]-1,1- 145¶ 50¶ 97.0 0.01

dimethylurea
Diruon 3-(3,4-dichlorophenyl)-1,1-dimethylurea 800 68 97.9 0.02
Fenpropimorph (�)-cis-4-[3-(4-tert-butylphenyl)-2-methylpropyl]-2,6-dimethylmorpholine 3400 31 97.2 0.05
Isoproturon 3-(4-isopropylphenyl)-1,1-dimethylurea; 3-p-cumenyl-1,1-dimethylurea 85 12 96.1 0.04
MCPA (4-chloro-2-methylphenoxy)acetic acid; 4-chloro-o-tolyloxyacetic acid 55 15 84.3 0.03
Mecoprop-P (R)-2-(4-chloro-o-tolyloxy)propionic acid 20 9 93.7 0.03
Metamiltron 4-amino-4,5-dihydro-3-methyl-6-phenyl-1,2,4-triazin-5-one; 4-amino-3-methyl-6- 156 21 93.8 0.05

phenyl-1,2,4-triazin-5(4H )-one
Metazachlor 2-chloro-N-(pyrazol-1-ylmethyl)acet-2�,6�-xylidide 80 6 97.7 0.01
Metolachlor 2-chloro-6�-ethyl-N-(2-methoxy-1-methylethyl)acet-o-toluidide 200 39 88.7 0.02
Pirimicarb 2-dimethylamino-5,6-dimethylpyrimidin-4-yl dimethylcarbamate 53§ 7§ 92.8 0.03
Simazine 6-chloro-N2,N4-diethyl-1,3,5-triazine-2,4-diamine 201 57 88.2 0.04
2,4,5-T 2,4,5-trichlorophenoxyacetic acid 80§ 30§ 87.1 0.02
Terbuthylazine N2-tert-butyl-6-chloro-N4-ethyl-1,3,5-triazine-2,4-diamine 250 70 88.5 0.02
Triadimenol (1RS,2RS;1RS,2RS)-1-(4-chlorophenoxy)-3,3-dimethyl-1-(1H-1,2,4-triazol- 360 110 98.1 0.02

1-yl)butan-2-ol

† Recovery rate.
‡ Limit of detection.
§ Hornsby (1992).
¶ Tomlin (1994).

spring application periods was divided into two subsamplesDischarge and Rainfall Measurement
of 500 mL, as the analysis of the phenoxy acid herbicides (2,4-

At two sampling sites (SP 2 and SP 3) the water-stage D, dichlorprop-P, MCPA, mecoprop-P, 2,4,5-T) was carried
heights h were recorded continuously on Ott (Kempten, Ger- out separately. The extraction of the pesticides was performed
many) R20 water level recorders. By means of calibration according to the methods described by Janssen et al. (1995).
functions delineating the relation between stage height h and The pH values of the samples were adjusted to 1.8 and 7.5
discharge Q, each measured stage height was related to a dis- for the analysis of the phenoxy acid herbicides and the other
charge. compounds, respectively. To increase the ionic strength of theAt SP 2 the discharge was determined indirectly by measur- water samples, 20 mg mL�1 NaCl was added to the 500-mLing the flow velocities at a cross-sectional area with an Ott samples. After filtering the samples, the extraction of the pesti-Flügel C2 flow meter. The measured velocities were trans-

cides was performed by solid phase extraction. Polar Plus car-formed to discharges according to the mean-section method
tridges with a 1-g sorbent mass were used for extracting theproposed by Herschy (1995). A second-order polynomial func-
phenoxy acid herbicides, while RP-C18 cartridges with a 500-tion was applied describing the relation between discharge
mg sorbent mass were used for all other compounds (all car-and height:
tridges from Baker, Gross-Gerau, Germany).

The samples for pesticide recoveries were prepared by add-Q � 0.5 � 3.45h � 6.5h2 [1]
ing known amounts of the pesticides to tap water samples.

with a resulting r 2 of 0.96 and a standard deviation of 0.05 m3
The recovery efficiencies are presented in Table 3. None of

s�1. An estimated error for the measurements was calculated the reported values was corrected for the analytical recov-
according to the rules of error propagation by Gauss (Herschy, ery efficiencies.1995) and amounted to 8%. By adding the measured effluents The analysis is described in detail elsewhere (Hartmann etof the wastewater treatment plant in Hachborn to the dis- al., 1998). Two different procedures were applied, one for thecharge at SP 2, the streamflow at the outlet of the catchment

nonpolar and semipolar pesticides and the other for the five(SP 1) was indirectly determined. At SP 3 river discharges
phenoxy acid herbicides included in this study. Liquid chroma-were measured using a 90-degree V-notch weir. To describe
tography (LC) was carried out with a Gynkotek (Germering,the relationship between measured height h and discharge Q
Germany) Model P580 pump. High performance liquid chro-for the weir a square root equation was used (Dyck and
matography (HPLC) was either coupled directly to UV detec-Peschke, 1989) with a resulting r 2 of 0.97 (n � 79) and an
tion (UV340S; Gynkotek) or to tandem mass spectrometryestimated error of the measurements of 17%.
(MS–MS) with a Finnigan (San Jose, CA) MAT TSQ 7000Daily rainfall data were collected at six locations (Fig. 1)
triple quadrupole mass spectrometer for quantification of theand interpolated according to the Thiessen polygon method
five phenoxy acid herbicides. In the first case, the pesticides(Maniak, 1993).
were separated on a 50-mm by 4.6-mm-i.d. Alltech (Deerfield,
IL) Altima column filled with 5-�m C18 reversed phase pack-

Pesticide Analysis ing. Isocratic LC elution was performed using 30% Millipore
(Bedford, MA) water including 1% formic acid and 85% ace-In Germany, phenoxy acid herbicides are exclusively ap-
tonitrile with a flow rate of 0.6 mL min�1. For the MS–MSplied during spring; therefore, only the water samples collected
technique, we used a Macherey & Nagel (Düren, Germany)during the spring application periods were analyzed for these
C18 column (125 mm long, 2-mm diam.). For the isocratic LCcompounds. The remaining pesticides were determined in ev-

ery water sample. Each water sample collected during the elution, the same solvents were used with a flow rate of 0.25
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Fig. 2. Pattern of rainfall, natural discharge of the Zwester Ohm, and human effluents consisting of the discharges of the two wastewater treat-
ment plants, 14 combined sewer overflows, and four combined sewer overflow tanks.

mL min�1. The column temperature was in both cases 30�C. surements at the CSO were carried out. For German
The limits of detection were determined according to Frehse combined sewer systems, Hamm et al. (1991) deter-
and Thier (1991) and are presented in Table 3. mined 18% as an average percentage of the total sewage

emitted directly into flowing waters by CSO. According
Calculation of Pesticide Loads to the simulations in the catchment of the Zwester Ohm

this percentage totaled 19%.Daily mass loads of pesticides Lt passing the different sam-
pling sites were calculated by multiplying the daily streamflow
volumes Qt by the mean daily stream pesticide concentrations Pesticide Occurrence in the Zwester Ohm
Ct. Concentrations below the detection limit were treated as

Results of the analysis of 264 water samples taken at0. Therefore, calculated loads represent minimum estimates.
the outlet of the catchment are presented in Fig. 3 andThe measured daily values were summed up for the whole

investigation period to approximate the total pesticide offsite Table 4. The presence of pesticides in water was un-
movement from the catchment. evenly distributed throughout the investigation period.

The seasonal variation in pesticide concentrations in
surface water showed a marked increase during the mainRESULTS
application periods for pesticides, which is in line with

Catchment Hydrology findings by Baker and Richards (1990), Kreuger et al.
(1999), Rawn et al. (1999), Thurman et al. (1991), andFrom 10 Mar. to 31 Dec. 1997, the catchment received
Tisseau et al. (1996).387 mm of rain, significantly less than the average an-

The median concentrations of detections varied be-nual rainfall of 508 mm for this period. Apart from
tween 0.05 �g L�1 for 2,4,5-T and 0.41 �g L�1 for meta-October and November all months were unusually dry.
zachlor and exceeded (with the exception of pirimicarb,In contrast the following spring was extremely wet (Fig.
terbuthylazine, 2,4-D, and 2,4,5-T) the EU drinking wa-2). The flow volume at the outlet of the catchment
ter quality criteria of 0.1 �g L�1. Pirimicarb was theamounted to 7.9 � 106 m3 in the investigation period
only pesticide that was not detected. Isoproturon was(Fig. 2). Discharge mirrored the precipitation pattern.
present in 65% and diuron in 59% of the analyzedA runoff coefficient of 9% was calculated applying the
samples collected at the outlet of the catchment. Thehydrograph separation method by Wittenberg (1999).
two urea derivatives were detected with the highestMainly during spring and summer 1997 emissions of the
frequency. The highest individual concentration mea-WWTPS dominated the total discharge of the Zwester
sured was 23.2 �g L�1 for isoproturon and occurred inOhm. On single days they reached a maximum fraction
October (Fig. 4). Other pesticides with high detectionof 55% of the total stream discharge. For the entire
rates were metamitron (52%), dichlorprop-P (38%),investigation period nearly 15% of the total stream dis-
MCPA (32%), mecoprop-P (33%), and metazachlorcharge could be attributed to the two WWTP. According
(33%). The median of the detected dichlorprop-P con-to the simulations with the model MOMENT 4.0, 77
centrations was higher than those of the other phenoxyrainfall events led to the direct emission of sewage by
acid herbicides. This matches the highest applicationat least one of the 14 CSO into the Zwester Ohm. The
amount of 610 kg among the phenoxy acids (Table 2).CSO emissions accounted for 1.5% of the total stream
For the two herbicides carbetamide and dimefuron,discharge.
which were only applied in a combination product Pra-The simulations performed with the model MO-

MENT 4.0 could not be verified, as no discharge mea- done Combi (Feinchemie Schwebda GmbH, Eschwege,
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Fig. 3. Sum of concentrations of all pesticides analyzed of the water samples taken from the Zwester Ohm during the investigation period (10
Mar. 1997–31 May 1998). The dashed line delineates the drinking water quality objective for the sum of all pesticides set by the EC.

Germany), comparable median concentrations of 0.15 propimorph to 4.24 g ha�1 for metamitron, a herbicide
intensively applied to sugar beet.and 0.17 �g L�1, respectively, were observed. Neverthe-

less, the concentrations for carbetamide showed a wider
dispersion, with a maximum concentration of 1.95 �g

DISCUSSIONL�1. This can be explained by the lower affinity of carbe-
tamide for adsorption to soil (Table 3). All other pesti- Pesticide Loads
cides were rarely detected. The lower frequency of de-

Pesticide loads are a better indicator of pesticide con-tection can be related to the lower use of these pesticides
tamination than concentrations and allow comparisonin the catchment (Table 2), but it is also influenced by
with other studies, especially if they are expressed as athe chemical and physical properties of the compounds,
fraction of the pesticide applied. The approach neglectsas well as the methods of their agricultural application.
residue carryover within the soil, which was shown forDuring the investigation period total losses of the example for atrazine by Frank et al. (1982) from analysismeasured pesticides amounted to 9048 g and ranged of 11 watersheds in southern Ontario. But for modernfrom 11 g for 2,4-D and 2,4,5-T to 4606 g for isoproturon pesticides used in Europe, both the intrinsic properties(Table 2). Unit losses ranged from 0.01 g ha�1 for fen- of the pesticides and the low amounts applied result in
a minimization of the carryover problem. In Table 2,

Table 4. Number of pesticide detections, detection frequency, calculated fractional losses for this study are summa-and concentrations observed in samples collected at the outlet
rized. The losses ranged from 0.01% for fenpropimorphof the catchment (SP 1) during the investigation period (10
and 0.71% for carbetamide and agreed with publishedMar. 1997–31 May 1998, 448 d).
values for European countries by, for example, KreugerNumber of Detection
(1998) and Fischer (1996).Pesticide detections frequency† Median Range

The seasonal distribution of the pesticide loads is% �g L�1

represented in Fig. 5. Carbetamide and metazachlorAtrazine 34 8 0.19 0.13–1.68
Carbetamide 79 18 0.15 0.14–1.95 were mainly transported during fall, the main applica-
Chlortoluron 9 2 0.33 0.31–0.37 tion period for these herbicides used in oil rape seeds.
2,4-D 3 2 0.07 0.05–0.19

In contrast, the peak of the dimefuron pollution with aDichlorprop-P 63 38 0.26 0.04–1.75
Dimefuron 57 13 0.17 0.05–0.44 higher sorption coefficient (Table 3) was mainly de-
Diuron 264 59 0.20 0.04–5.09 tected during winter, with a time lag to its application.Fenpropimorph 1 �1 1.92 1.92–1.92

The seasonal distributions of the two urea derivatesIsoproturon 293 65 0.21 0.05–23.18
MCPA 52 32 0.20 0.06–4.17 isoproturon and diuron reflect their application pat-
Mecoprop-P 54 33 0.14 0.05–0.79 terns. Whereas isoproturon is an agricultural herbicide,Metamitron 43 52 0.16 0.06–1.28
Metazachlor 148 33 0.41 0.05–6.12 diuron is a non-agricultural total vegetation control her-
Metolachlor 96 21 0.28 0.04–2.09 bicide, which is mainly applied during spring and sum-
Pirimicarb 0 0 –

mer. The phenoxy acid herbicides were only analyzedSimazine 16 4 0.28 0.13–0.55
2,4,5-T 3 2 0.05 0.05–0.07 in spring. The wet spring in 1998 led to higher pollution
Terbuthylazine 14 3 0.06 0.05–1.59 levels than the spring 1997 application period.Triadimenol 2 �1 1.30 1.00–1.60

Stepwise multiple linear regression analysis was used
† In general, 448 d are set as a total of 100%, with the exception of to identify predictive equations for pesticide losses. Themetamitron (analyzed 10 Mar. 1998–31 May 1998, 82 d) and the phenoxy

acid herbicides (analyzed 10 Mar.–31 May 1997 and 1998, 164 d). stepwise procedure of the statistical analysis program
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Fig. 4. Pattern of the total discharge, the detected concentrations, and the resulting cumulative load of isoproturon (IPU) in the Zwester Ohm
during the investigation period (10 Mar. 1997–31 May 1998).

Fig. 5. Seasonal distribution of the loading for different pesticides during the investigation period (10 Mar. 1997–31 May 1998). Note the different
scales of the ordinates and the fact that the phenoxy acid herbicides were only analyzed in spring.
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prop-P, dimefuron, isoproturon, MCPA, mecoprop-P,
metamitron, metazachlor, and terbuthylazine) the best
regression model was:

Lt � �286.84 � 1.95Y [2]

with a calculated r 2 of 0.91. The importance of this
variable was already delineated by Kreuger and Törn-
qvist (1998) for a small catchment in southern Sweden.
In their studies the quantities applied were responsible
for 50 to 85% of the determined variability of the surface
water pollution. The statistical analysis of the data from
the midwestern rivers in the USA by Battaglin and
Goolsby (1997) also supports this. In all of their analyses
the amount of pesticide applied was significantly related
to the detected concentrations. Whereas the study of
Battaglin and Goolsby only involved two chemical
classes (triazines and acid amides), the study presented
in this paper covered a larger number of dissimilar com-
pound classes.

Nonpoint-Source Pollution
The temporal pattern of the isoproturon loads is pre-

sented in Fig. 4. The load reached its minimum level
during summer, a time period that was characterized
by low concentrations and discharges. During winter,
the loads increased due to higher flow rates, which are
typical of winter rainfall climates. The maximum daily
loads were measured during fall, which represents the
main application period for isoproturon. The loads of
the wet spring 1998 exceeded those of the preceding
spring. Comparisons of the chemograph with the hy-
drograph revealed that the highest detected concentra-
tions were independent of the peak discharges of the
river.

In a Spearman rank-order correlation analysis for the
daily measurement sets of the three application periods,
using the concentrations of all different pesticides con-
sidered in this study, the estimated flow at SP 1 and
the measured rainfall revealed no significant correlation
between any of the variables (	 � 0.01). The highest
pesticide concentrations occurred during periods of very
low flow. These flow rates were too low to be due to
storm events causing runoff.

Point-Source Pollution
To further elucidate the source of pesticide contami-

nation, samples of the Zwester Ohm were taken at dif-
ferent sampling sites (Fig. 1). The wastewater treatment

Fig. 6. The point-source pollution as a percentage of the total load plant close to the outlet of the catchment had the strong-
during different seasons. est effect on the pesticide contamination of the Zwester

Ohm. The Wilcoxon test for differences between mea-
surement pairs was performed (	 � 0.1%) and revealedSAS 6.12 (SAS Institute, 1985) performs a multiple re-

gression in which parameters (pesticide properties like significant differences between the loads of the water
samples upstream and downstream of the wastewaterKoc, DT50, water solubility, and quantities applied) are

added or subtracted from the regression, depending on treatment plant close to the outlet of the catchment
(SP 1 and SP 2, Fig. 1). The overall pesticide load wasthe contribution of the tested parameter on the resulting

r 2. In the final model, the pesticide amount applied dominated by PSP with at least 77% of the total load
(6968 g a.i.). On an average, the two WWTP accounted(YX ) in kilograms was the only significant variable at a

significance level of 	 � 0.001. For the nine herbicides for 84% of the PSP, with the remainder due to the CSO.
The approach to classify pesticide loads as PSP or NPSPwith defined application amounts (carbetamide, dichlor-
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tends to overestimate PSP, as during storms not only pesticide residues in the WWTPS (Ganzelmeier, 1998).
The reduction of pesticides during the purification pro-the WWTPS responds to rainfall, but also the catchment

by soil surface runoff, interflow, and drainage. The ap- cess in a WWTP appears to be minor (Seel et al., 1994).
Because hardly any reduction of the pesticide loadsproach is justified since all grab water samples taken

randomly from the CSO during storm events throughout through the WWTP is achieved, avoiding PSP is de-
sirable.the investigation period displayed high concentrations

of various pesticides (maximum concentration: 6.6 �g
L�1 isoproturon). Moreover, even when assuming that CONCLUSIONS
no pesticides enter the stream by CSO, PSP still ac-

The dataset presented in this paper provides a de-counts for 65% of the total pesticide contamination.
tailed account of the seasonal trends of 19 herbicidesThe PSP during dry weather periods accounted for 54%
in surface waters over a 15-mo period. The total loadof the total PSP fraction. The contribution of point
was dominated by a single herbicide, isoproturon. Thesources to the total pesticide load has to be considered
majority of the pesticide load entered the stream duringas a serious factor for surface water pollution.
dry weather periods via the WWTPS as PSP. Of theManagement strategies for ameliorating water quality
pesticides lost to the river during the investigation pe-need improved information about the pesticide occur-
riod (10 Mar. 1997–31 May 1998), 77% were the resultrence and the relevance of all different input pathways
of PSP. However, on a seasonal basis, PSP ranged be-on a catchment scale. The results show that the agricul-
tween 27 and 96% of the total load. As no significanttural structure of a catchment, the site conditions, and
interdependencies between intrinsic pesticide proper-application methods, for example, have to be taken into
ties, hydrometeorological factors, and the detected loadsaccount, but also, the WWTPS and in particular the
could be established, it is not possible on the basis ofsewage disposal system by farmers should be recorded
this dataset to predict PSP for other catchments.in future investigations. However, river monitoring pro-

grams are restricted to a limited number of watersheds.
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treatments in corn. J. Environ. Qual. 24:246–256. Justus-Liebig-Universität, Giessen, Germany.

Hamm, A., D. Gleisberg, W. Hegemann, K.H. Kraut, G. Metzner, F. Mulliss, R.M., D.M. Revitt, and R.B. Shutes. 1996. The impacts of
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In A. Hamm (ed.) Studie über Wirkungen und Qualitätsziele von Ng, H.Y.F., and S.B. Clegg. 1997. Atrazine and metolachlor losses in
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