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Pesticide residues in agricultural runoff can sometimes yield inputs to streams and 
rivers that are harmful to aquatic organisms. A number of reviews have addressed 
this issue from a consideration of the physicty-chemical properties of pesticides, the 
ways in which they are used, and climatic factors, to predict "edge-of field" 
pesticide concentrations in runoff (Wauchope 1978; Wauchope and Leonard 1980; 
Willis and McDowell 1982; Wilcock 1993). An understanding of the in-stream 
processes governing the dissipation and concentrations of these residues is 
necessary to relate the pesticide inputs to changes in quality of receiving waters and 
to predict ecological impacts. The rate at which pesticides are assimilated, broken 
down or in other ways dispersed so that they no longer affect stream biota is of 
crucial importance in understanding the connections between pesticide runoff and 
stream effects. Also, the effect of several similtaneous inputs of a given pesticide to 
different tributaries of a stream network may be negligible if the substance is short- 
lived, or may have an additive effect on downstream concentration if it is more 
persistent. 

In this study, two insecticides were added to an upland stream draining an area of 
grazed pasture upstream of a region of more intensive agriculture and water use. 
The purpose of the study was to quantify mass losses and concentration changes 
occurring in the first 2-3 hr of travel time in a reasonably simple stream channel, in 
which sediment uptake was not likely to be a major mechanism for pesticide loss 
from the system. The stream is similar to many in the region. 

The organophosphate, chlorpyrifos [O,O-diethyl O-(3,5,6-trichloro-2-pyridyl) 
phosphorothioate], and the synthetic pyrethroid, permethrin [3-phenoxybenzyl 
(1R,S)-cis,trans-3-(2,2-dichlorovinyl)-2,2 dimethylcyclopropanecarboxylate], 
are insecticides used widely in New Zealand in horticulture. Chlorpyrifos and 
permethrin are both highly toxic to fish and aquatic invertebrates and typically have 
96-hr LC50 values of 0.1-10 mg/m 3 (Anderson 1989; Bradbury and Coats 1989; 
Coats et al. 1989; Haya 1989; Mokry and Hoagland 1989; Worthing and Hance 
1991). The pure forms of both pesticides have low-moderate solubility in water (2 
ppm for chlorpyifos and 0.2 ppm for permethrin), have low vapor pressures (2.5 
mPa (25~ for chlorpyrifos; 0.0025 and 0.0015 (20~ for cis 
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and trans-permethrin, respectively), and have octanol-water partition coefficients 
of 105-106 (Schimmel et al. 1983; Worthing and Hance 1991). These data suggest 
that both pesticides have a tendency to accumulate in the non-aqueous 
compartments (biota, sediments) and that chlorpyrifos may be more susceptible to 
volatility losses from the stream surface than permethrin. 

MATERIALS AND METHODS 

The Te Tahi Stream, located in the western Waikato region of the North Island of 
New Zealand (Christian and Walter 1984), was chosen for the study. The stream 
channel was characterized by a hard rocky base of volcanic origin covered with a 
thin layer of sediment. No rooted aquatic plants were apparent and stream 
vegetation was limited to filamentous algae covering rock surfaces. The banks 
were stable, steeply sloping with an overhanging mixture of pasture grasses and 
shrubs. Significant populations of a variety of caddisflies and freshwater crayfish, 
Paranephrops planifrons, were observed. 

A study reach was established with water sampling sites at distances of 35, 67, 
139, 271,458, and 545 m downstream from the point at which pesticides were 
added to the water surface. These are referred to as sites 1, 2, 3, 4, 5 and 6. The 
upstream end of the study reach was narrow and moderately fast flowing (0.2 
m/sec) while the lower reach was characterised by riffles and pools. Average 
stream width and depth were about 2 m and 30 cm, respectively. Stream flow 
during the study was monitored continuously at the furthest site downstream and 
was 55 L/sec throughout. 

A preliminary dye study was carried out on 10 May 1993 to establish the behavior 
of a "conservative" tracer (compared to the pesticides), and to determine the travel 
times necessary for sampling the pesticide peak concentrations the following day. 
Flow-proportional QS samplers (Quality Environment Ltd, Cheltenham, England) 
were installed at the six sampling sites and weighted down to counter the initial 
bouancy of the empty sample compartments. These samplers operate on the 
principal that the rate of sampling is proportional to the depth of water above the 
inlet port of each sampler. A sampling rate (L/hr) is set for a given water depth by 
adjusting a calibrated air release valve. A quantity of dye (210 mL of 20% 
rhodamine WT) was added to the stream at the upstream end of the study reach and, 
in addition to the flow-averaged samples, discrete samples were collected at 
appropriate intervals at each of the downstream sampling sites. Each of the QS 
samplers collected stream water over a period of about 160 min. When the dye 
cloud had completely passed the last site (about 3 hr from the start of the study) the 
QS samplers were emptied into clean borosilicate glass bottles and, together with 
the discrete samples, analyzed using a Turner model 112 digital fluorometer 
calibrated with rhodamine WT standards (Rantz 1982). Times of travel for peak 
concentrations were obtained from the respective concentration-time curves at each 
site (using the discrete sample data), and dye masses were calculated either by 
multiplying the area under each curve by the flow, or from the product at each site: 
QS sampler (average) concentration x sampling time x flow. 

The addition of pesticides to the stream was carried out on 11 May 1993, at the 
same point and with the same sampling sites as in the dye study. Aqueous 
solutions (500 mL) of commercial aqueous emulsions of chlorpyrifos (1.5 g) and 
permethrin (1.3 g each of the cis- and trans- isomers) were added to the stream and 
three samples taken (based on the dye data) at, or close to, the estimated peak 
concentration for each site. These were collected in clean borosilicate glass bottles. 
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In addition, the QS samplers were installed to obtain flow-averaged samples at each 
of the six sites. The QS sampler contents were transferred to clean borosilicate 
glass bottles at the completion of the study (i.e., about 3 hr after the addition of 
pesticides) and refrigerated overnight with the other water samples, prior to 
analysis. 

Water samples were extracted and analyzed for chlorpyrifos based on Dow 
Chemical USA method ACR 79.8 (J. Cowles, DowElanco (NZ) Ltd, pers. 
comm.), and for the cis- and trans-permethrin isomers (Anon 1992). Sample 
aliquots (20 mL) were transferred to a 40-mL teflon sealed vial, and hexane (10 
mL) added. The vials were shaken on a mechanical shaker for 15 min, allowed to 
settle, and the hexane phase passed through a Na2SO4 (anhyd) column. The 
process was repeated, an additional 10 mL of hexane added to the column, and the 
combined hexane extracts collected. Bromophos ethyl (50-100gL of 1000 pg/mL) 
was added as an internal standard, and 2 mL heptane added as keeper solvent. The 
extracts were reduced in volume to 0.25-0.5 mL prior to analysis by GC-ECD. 

Analysis of the water samples was carried out with a Hewlett Packard 5890 Series 
II GC equipped with an HP 7636A automatic cool on-column injector, and a fused 
silica capillary column (Alltech SE54, 15 m x 0.2 mm i.d.), using the following 
temperature program: 90~ for 0.1 min, then 25 ~ to 100~ then 10~ to 
a final temperature of 280~ The injector was maintained (oven trap) at 3~ above 
the oven temperature. Carrier gas (H2) pressure was kept at 10 psi with electronic 
pressure control, and N2 makeup gas was used to maintain a flow of 30 ml/min 
through the ECD (300~ Detection limits for water samples were 0.01 mg/m 3 for 
chorpyrifos and 0.05 mg/m 3 for the permethrins. Blanks made with nanopure 
water showed no traces of any of the analytes. Water samples spiked with 1-10 
mg/m 3 chlorpyrifos and cis/trans-permethrin gave recoveries of 98 +_ 2 % and 95- 
98 %, respectively. 

RESULTS AND DISCUSSION 

Complete dye concentration profiles were obtained from the discrete samples 
collected at sites 1, 3, 5 and 6. When integrated and multiplied by the stream flow 
(55 L/sec) dye masses of 41.2, 44.3, 42.8 and 41.1 g (+ 7%) were obtained, 
compared with 40.6 g added to the stream. Dye masses calculated from the QS 
sampler concentrations (each multiplied by the flow and the sampling period) gave 
more variable results for sites 1-6, being 50, 41, 36, 37, 35 and 37 g (+ 20%). 
These results confirmed that rhodamine WT behaved as a conservative tracer in the 
study reach of the Te Tahi Stream. 

Near peak concentrations for the dye and the pesticides were averaged (n = 3) at 
each site and are listed with 95% confidence limits (2 x standard error) in Table 1. 
Average peak concentrations for the pesticides and the dye declined with distance 
(and travel time) downstream in the order dye < chlorpyrifos --- cis-permethrin < 
trans-permethrin. Relative concentrations, expressed as fractions of the respective 
site 1 values, declined with distance downstream (Fig.l) to values of 0.5 for 
chlorpyrifos, cis-permethrin and trans-permethrin before site 3 (139 m), 
corresponding to travel times of 27, 23 and 23 min, respectively. The dye 
concentration declined to 0.5 the site 1 value after 43 min (about 270 m 
downstream). The temperature of the Te Tahi stream was 12.6-13.3~ during the 
study, so that the vapor pressures of chlorpyrifos and the permethrins would be 
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Table 1. Mean peak concentrations of rhodamine WT, chlorpyrifos, cis- and 
trans-permethrin (+ 2 x standard error, n = 3) 

Compound time (min) Site Concentration 
(m~m 3 ) 

rhodamine WT 8 1 1088 + 30 
14 2 885 + 30 
30 3 650 + 10 
62 4 496 + 10 

105 5 366 + 20 
114 6 293+ 10 

chlorpyrifos 8 1 31.4 + 2.3 
14 2 17.9 + 1.5 
30 3 14.5 + 0.9 
62 4 8.86 + 0.87 

105 5 5.39 + 0.26 
114 6 4.52 + 0.29 

cis-permethrin 8 1 32.2 + 3.5 
14 2 19.4 + 1.5 
30 3 14.7 + 0.7 
62 4 8.69 + 0.99 

105 5 4.75 + 0.54 
114 6 4.52 + 0.10 

trans-permethrin 8 1 32.1 + 3.9 
14 2 17.6 + 1.3 
30 3 13.5 + 0.6 
62 4 7.26 + 0.83 

105 5 3.67 + 0.39 
114 6 2.85 + 0.07 

very low (Walker and Hance 1991). Volatilization rates for organic compounds 
from streams are strongly related to their vapor pressures (Rathbun and Tai 1988) 
and losses of the pesticides in this study might, therefore, be expected to be low. 
Studies of permethrin losses from Canadian forest streams (Kreutzweiser and 
Wood 1991; Sundaram 1991) have measured concentration changes at downstream 
sites and shown that they have an exponential form (first order with respect to 
concentration). In the present study pesticide peak concentrations (Table 1) also 
declined in a roughly exponential way with elapsed time. The conservative tracer 
(i.e., the rhodamine WT dye) may be used to compensate for changes in the 
pesticide peak concentrations due to dispersion and dilution, analagous to the way 
dissolved gas tracer concentrations are modelled in streams (Kilpatrick et al. 1989). 
Thus, 

1,,I-(Cr/Cd)u 
�9 ,t(Cp/Cd) d ] = K(td-tu) (1) 

where C o and C d are peak concentrations (mg/m 3) of pesticide and dye, 
respective-ly, t is time (min), and the subscripts u and d refer to upstream and 
downstream sites. The upstream site was defined to be the point where the dye and 
pesticides were added to the stream, with the initial (t=0) ratio Cp/Cd being equal to 
the ratio of the masses of dye and pesticide added. A plot of -ln(Cp/Cd)t against 
time yielded straight lines for each pesticide with r2 values of 0.81, 0.85 and 0.94 
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Figure 1. Average values of peak concentrations relative to site 1 for dye 
and pesticides with distance downstream (n --- 3) 
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(n=6), and slopes (K values) of 4.73x10-3, 6.26x10-3 and 9.25x10-3 min-1 for 
chlorpyrifos, cis- and trans-permethrin, respectively. Corresponding half-lives 
calculated from 0.693/K were 146, 116, and 75 min and are smaller than values 
reported for losses from specific sites in Canadian streams treated by aerial spraying 
with permethrin (Kreutzweiser and Wood 1991). This may be partly due to 
differences in the methods of application (e.g., slow release from riparian 
vegetation compared to direct application to the water in this study). A half-life of 
3.9 hr was reported for losses from sites 1-1.4 km downstream from the aerial 
spray site and is closer to the values observed in the present study than values 
measured upstream (10.3 hr). The half-lives calculated here using Cp/Cd data are 
about 2.5 x those obtained from Fig.1 and show that dispersion (but-not dilution, 
since there was little tributary inflow in the study reach) was a major reason for the 
observed declines in concentration. 

Three (of the six) QS samplers failed to collect an adequate volume of water for 
pesticide analysis and therefore, could not provide flow-averaged concentrations�9 
The experimental uncertainty (both in volume sampled and water chemistry) of the 
other three samplers led to the QS samplers being rejected for calculating pesticide 
stream masses at each site. Estimates of mass losses from the stream were made by 
assuming that the mass of pesticide passing each site declined over time at a rate 
proportionate to that for Cp/Cd (again, analagous to the first order loss of a volatile 
substance (Kilpatrick et al. 1989). Thus, 

K(td-tu) = In (mu/md) (2) 

where mu and md refer to upstream and downstream masses, respectively. 
Calculated masses for each of the three pesticide compounds as a function of 
distance downstream, with the initially added masses as the upstream reference 
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values, are shown in Fig.2. Mass losses showed the same order as the 
concentration change (Fig.l), with chlorpyrifos = cis-permethrin < trans- 
permethrin. Some pesticide losses from sediment adsorption and uptake by biota 
would be expected, given the magnitude of the octanol-water partition coefficients 
(Connolly and Pedersen 1988) and the observation by Kreutzweiser and Wood 
(1991) of measurable bioconcentrations of permethrin in fish up to 28 d after 
overspraying of forest streams. 

The study has shown that pulsed inputs of chlorpyrifos and permethrin undergo 
marked reductions in concentration through dispersion and that further adsorption 
and bioaccumulation may cause additional mass losses from the water. About 50 % 
of the applied chlorpyrifos and cis-permethrin, and 60 % of the trans-permethrin, 
masses were lost from the water within the 545 m study reach. A slower moving 
stream with more organically enriched sediments, such as is typically found in 
horticultural areas of intensive pesticide use, would exhibit even greater adsorptive 
losses of such insecticides from the water column. 
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