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1 Introduction 
 
1.1 Background 
 
Although golf courses promote healthy human activity and lifestyles, and can 
conserve wildlife when managed properly, they may also have negative impacts on 
the environment. Pesticides applied on golf courses can reach watercourses or 
groundwater through processes like runoff or leaching. With increased awareness of 
the potential risks of pesticide use for human health and the environment, the turfgrass 
management practices employed on golf courses have been questioned. There is 
however little known about the fate of pesticides in turfgrass systems, which has 
impeded a truly enlightened debate. It is important that these issues are addressed 
properly so they can be discussed with arguments based on scientific evidence rather 
than speculation. 
 
Two samples from the drainage water of a research golf green (Fullerö, Västerås), 
taken in the autumn 2001, serve as a background to this study. The analysis of the 
samples showed that the concentration of two fungicides, iprodione and bitertanol, 
exceeded the limit values for drinking water in the European Union. It was decided 
that more research was needed to investigate the magnitude of the problem and to 
point to possible mitigation measures. 
 
The objectives of this study were to i.) investigate the leaching from golf greens of 
two fungicides (iprodione and bitertanol) commonly used in Sweden and to assess the 
risk for a hypothetical water recipient in a long-term perspective, and ii.) evaluate 
what processes and properties of a golf green affect leaching.  
 
Physical and chemical processes in the turfgrass system affecting the fate of the 
pesticides were simulated using a mathematical model, with the leachate 
concentration in the drainage water as one of the outputs. Simulated leachate 
concentrations were then used together with other relevant data to assess the risk for 
living organisms in an aquatic ecosystem.  
 
The model used, MACRO (Larsbo and Jarvis 2003), was developed at the Swedish 
University of Agricultural Sciences (SLU) and has been used for assessments of 
pesticide leaching from agricultural use in Sweden and other countries in the 
European Union. This is the first time it has been used to simulate pesticide leaching 
from a turfgrass system. 
 
1.2 Site description  
 
The study is based on measurements made at a research green located at Fullerö Golf 
Club in Västerås in the Stockholm region. The green was constructed in 1999 and has 
since then been used for research projects, sponsored by the Swedish Golf Federation 
(SGF). The aim has been to increase the understanding of factors influencing the 
quality of the green and to find optimum management strategies for golf greens in 
Sweden. The green is used as a practice chipping and putting green, with full access to 
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golfers in order simulate the stress that a normal green is exposed to. It is also 
managed in the same way as the other greens on the golf course. 
 
The green is constructed on a clayey soil with low permeability. The risk of the 
leachates reaching groundwater was therefore considered to be low. The risk of 
surface runoff on a green is also very low due to the high infiltration capacity of the 
green (Haith and Rossi 2003). The focus of the study was therefore on the discharge 
from the drainage system. 
 
The weather conditions at the site are typical for central Sweden, with a mean annual 
precipitation of 600 mm evenly distributed over the year. The mean annual 
temperature is 7 ºC.  
 
1.3 Golf green construction and management 
 
The US Golf Association (USGA) has since the 1950’s investigated construction of 
putting greens. The result has been a number of guidelines on how to achieve a green 
with optimal characteristics with regard to playing quality, stress tolerance and plant 
condition. By constructing a layered profile with a finer-textured sandy root-zone over 
a coarser drainage gravel layer, some of these desirable characteristics can be 
achieved. One of the principles is that the smaller pores in the sandy root-zone will 
hold enough water in the profile through capillary forces, for the plant roots to extract. 
The construction also enables an effective drainage of excessive water that may occur 
under periods of intensive rainfall or irrigation (Clothier et al. 1977). It is important 
that the right size of the particle mixture is chosen for the root-zone blend and the 
drainage gravel. There must be a clear difference in pore size between the two layers 
to achieve a ‘capillary barrier’ between the layers caused by a difference in capillary 
potential. It is also important that the difference is not too large, since this can lead to 
migration of particles from the upper layer to the lower, with a poorly functioning 
barrier as a result (USGA staff 1993).  
 
The management and characteristics of a USGA green are potentially unfavourable 
with regard to leaching. The sandy root-zone has a high hydraulic conductivity, which 
together with the often intensive irrigation leads to a high mobility of solutes in the 
profile. 
 
The green at Fullerö was designed and constructed following SGF recommendations 
based on the USGA guidelines with a 30 cm deep sandy root-zone overlaying a 10 cm 
coarse gravel material containing a herring-bone drainage network. Creeping 
bentgrass (Agrostis Stolonifera) was the grass species sown on the green.   
 
The two fungicides bitertanol and iprodione are applied to golf greens before snow 
cover, to control snow mould (Fusarium Nivale), a disease occurring during long-term 
continuous snow cover. Iprodrione and bitertanol are applied once or twice each year. 
The green at Fullerö is irrigated during summer (~200 mm was applied in 2001). 
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1.4 Leaching 
 
There has been an increased activity in research on the fate of pesticides applied to 
golf courses. A higher awareness of the risk with pesticides and new legislation, such 
as the demand for environmental impact assessment (EIA), has contributed to this. 
The research covers both computer model development and research on the fate and 
behaviour of chemicals in turf grass systems.   
 
The development of models for leaching estimation has its origin in agricultural 
research. A large number of models have been developed over the years and the 
accuracy of the predictions has gradually increased with increased complexity of the 
models. It has however been difficult to use these models for turfgrass systems, due to 
the differences in soil and plant communities between turfgrass systems and 
agricultural fields.  
 
The behaviour of a pesticide in soil depends on the interaction between the chemical 
properties of the pesticide, the components of the soil and climatic factors.  
 
1.4.1 Chemical properties of the fungicides 
Persistence and adsorption are the two most important properties that affect the risk of 
chemical leaching. Degradation of a pesticide is the result of various processes taking 
place in the soil including hydrolysis, photodecomposition, microbial breakdown and 
reduction and oxidation processes (Kenna 1995). Persistence is often expressed as the 
half life, i.e. the time it takes for one half of the original amount to be degraded.  
These degradation constants are generally highly variable under field conditions and 
depend on climatic and soil factors (Cohen et al. 1995). Turfgrass systems are 
generally more favourable for microbial and chemical degradation than agricultural 
systems (Kenna and Snow 2002).  
 
Pesticide sorption to organic matter is important as it determines how the pesticide 
will behave after application. The non-polar organic matter adsorbs pesticides by 
hydrophobic adsorption. This is the most important sorption process for hydrocarbons 
especially for sandy soils with little mineral sorptive surfaces. This process is 
important as it slows down the pesticide on its way through the soil, which gives more 
time for degradation before the pesticide leaves the system. The normalised partition 
coefficients, Koc or Kom, determine the affinity of pesticides to adsorb to organic 
matter. They are determined in the laboratory and multiplied by the fraction of 
organic matter in the soil to get an estimate, Kd, of pesticide adsorption in the specific 
soil. The adsorbed concentration is, at low concentrations, proportional to the 
dissolved concentration. The assumption is also that adsorption is dominated by the 
soil organic carbon content (Green and Karickhoff 1990). Fungicides with low 
partitioning coefficients, like metalaxyl, have been shown to be prone to leaching 
(Petrovic et al. 1998). 
 
1.4.2 Properties of the soil and plants 
The amount of organic carbon in the profile strongly affects adsorption. The organic 
carbon content in the sandy root-zone in the part of the green used in this study was 
determined to be 1.27% in a previous study (Andersson 2002). Turfgrass researchers 
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have however stressed the importance of the thatch layer in retaining pesticides in the 
soil  (Haith 2001, Snyder and Cisar 1995). Thatch is an organic mat made up of more 
or less decomposed root and stem material located between the zone of green 
vegetation and the soil surface (Beard 1973). One of the main components in thatch is 
lignin with a high adsorptive capacity. Creeping bentgrass thatch has an average 
lignin content of 27% (Dell et al. 1994). The organic matter content in thatch is high, 
but the organic matter in the thatch is not as humified as in the root-zone. This makes 
its sorptive capability lower than that of the organic content in the root-zone due to a 
lower surface-volume ratio (Dell et al. 1994). An organic carbon content of 10% in 
the thatch layer was therefore used by Durborow et al. (2000) for modelling pesticide 
runoff from turfgrass with the GLEAMS model. Analysis of pesticides applied to golf 
greens in Florida shows that only a small fraction of the applied pesticide was found 
in the percolating water, while most of the pesticide was retained in the thatch layer 
(Snyder and Cisar 1995). Raturi et al. (2003) found that the leaching potential of the 
pesticides triclopyr and carbaryl was lower in columns with zoysiagrass thatch than 
without, but no difference was found for the same experiment with bentgrass thatch. 
The adsorptive ability of the thatch layer depends on different factors. The age of the 
green will influence leaching, as an older thatch layer is a more effective sorption 
medium due to the larger specific surface. The initial distribution of the pesticide 
between leaves and thatch may also be important. Lickfeldt and Branham (1995) 
showed that the partition coefficients for several pesticides on Kentucky bluegrass 
leaves were higher than for thatch. 
 
It is normally assumed that infiltration in homogenous porous media, like the root-
zone of a golf green, is uniform and that stable wetting fronts develop parallel to the 
soil surface. This type of flow (Darcian flow) is driven by gravity and capillary 
pressure gradients and is relatively easy to model if the hydraulic properties of the soil 
are known. Non-uniform flow can however occur in soils. This type of flow, often 
referred to as preferential flow is most common in heterogeneous soil where water can 
flow faster through macropores in the soil such as root channels, earthworm burrows, 
fissures, or cracks. This type of preferential flow is not an important flow mechanism 
in golf greens because of the homogeneity of the soil and lack of macropores. 
Preferential flow can however occur in homogenous structureless soils, but for 
different reasons. Fingered flow, a type of preferential flow known to occur in golf 
greens (Nektarios et al. 1999), is caused by different factors that all can be related to 
the conditions in a golf green. A finger-like flow pattern can be initiated by textural 
heterogeneities in the soil or by water repellency. Hysteresis, a phenomenon known to 
occur in soils, explains much of the occurrence of fingered flow. There are different 
reasons for hysteresis, like geometric nonuniformity of the individual pores and 
entrapped air (Hillel 1980). The consequence is a soil where the air entry pressure is 
larger than the water entry pressure. Hysteresis can initiate and sustain fingered flow 
in soils (Nieber 1996). If a finger has developed, hysteresis can also serve as a 
temporary ‘memory’ and cause a pathway for water and solute transport in the next 
infiltration cycles (Liu et al. 1995, Ritsema et al. 1998). Hysteresis is especially 
pronounced in coarse homogeneous soils. 
 
Fingered flow also occurs in water repellent soils (Hendrickx et al. 1993, Ritsema et 
al. 1998). The soil becomes water repellent below a critical moisture content (Dekker 
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and Ritsema 2000). Water repellency can, in addition to increasing leaching potential, 
also cause so-called localized dry spots (LSD) on greens (Dekker et al. 2003). 
Hendrickx et al. (1993) found that leaching of pesticides was higher in a plot with a 
water repellent top layer than in one with a wettable top layer, while Nektarios et al. 
(1999) reported that the breakthrough time for solutes was shorter and that much of 
the soil matrix was bypassed in a water repellent laboratory golf putting green. 
Modelling of fingered flow in water repellent soils has been performed by Nieber et 
al. (2000), Larsson et al. (1999) and Nguyen et al. (1999). 
 
1.5 Risk assessment 
 
The risk of the pesticide harming the environment depends on the exposure and 
toxicity, i.e. the concentration in a watercourse and the sensitivity of the receiving 
organisms to the specific substance. Both factors must be combined to be able to 
assess the risk adequately. Characteristics of the landscape, such as the drainage 
pattern, groundwater hydrology and size of drainage basin are also important in any 
risk assessment. The green is a relative small fraction of a golf course, implying that 
the dilution of the drainage water with cleaner water from other areas is large. Water 
discharge from the green can however be greater per area unit than the other areas on 
the golf course due to more intensive irrigation. This can be a particular problem 
during drought periods. These periods occur on the other hand, usually during 
summer, when the fungicides applied the previous year have to a great extent already 
been degraded. 
 
The chemical and physical properties of the compound can help to predict the fate and 
potential risk, once the fungicide has leached out of the green. Before reaching a 
water body where they can harm the ecosystem, the fungicide is most likely to be 
affected by processes while transported or temporarily stored in for example ditches 
or ponds. Once at the site of toxic action, the harm they cause also depends on their 
chemical and physical properties.  
 
1.6 The chemicals 
 
Iprodione is sold under the trade name Rovral in Sweden. It is a contact fungicide, 
which inhibits germination, spores and growth of fungal mycelium. Koc values in the 
literature range from 261 to 1320 and the half life under field and laboratory 
conditions ranges from 11 to 160 days. The concentration at which 50% of the 
population of a species dies, LC50 varies between 2.3 and 7.7 mg/l for fish. The most 
sensitive organism is daphnia (LC50 = 0.43 mg/l). Bitertanol (Baycor) is a foliar 
fungicide that acts on spores and germination, mycelium development and 
sporulation. Koc ranges from 1780-2240 and the half life from 14 to 200 days. LC50 for 
rainbow trout is 2.2–2.7 mg/l and 1.7-7 mg/l for daphnia (Pesticide manual 1994, 
KEMI 1997, Suzuki et al. 2001, Linders et al. 1994, Dell et al. 1994, KEMI 1991). 
  
The physical and chemical properties of the fungicides can be used to assess the 
leaching potential. The risk of leaching of iprodione was estimated as small on 
agricultural land by US Department of Agriculture (USDA) (Huang et al. 1994), and 
it has been categorized as a ‘nonleacher’ (Kenna 1995). 
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2 Methodology 
 
2.1 Data collection 
 
2.1.1 Water sampling and analysis 
Water samples were collected from the end of the main drainage pipe, where water is 
discharged into a well. A total of three samples were taken in 2001, one before 
treatment and two after. The drainage water was collected in bottles and kept cold 
before being sent to the laboratory for chemical analysis. The concentrations of the 
two substances were determined using gas chromatography. The detection limits for 
iprodione and bitertanol were 0.03 and 0.04 µg/l.  
 
2.1.2 Instruments 
Drainage was measured with a tipping bucket device. Daily drainage data from a 250 
m2 section of the 750 m2 green was used. 
 
An instrument box was built into the green during construction. It consists of 
temperature probes and water content reflectometers, placed at 5, 15 and 25 cm depth. 
 
The 105T Temperature Probe has a typical accuracy of ±0.5°C and gives the mean 
hourly temperature in the soil. The output is transmitted to and stored in a logger.  
 
The CS615 Water Content Reflectometer consists of two stainless steel rods. The 
volumetric water content is determined by measuring the effect of a change in the 
dielectric constant on the propagation of electromagnetic waves (Campbell Scientific 
1998). The accuracy is ±3% when the instrument is not calibrated against the soil, as 
in this green. 
 
2.1.3 Soil characteristics 
The sand mix used for the root-zone was analysed at the time of construction to 
determine the water holding capacity at different tensions on drainage from saturation 
using sand tables and pressure plate apparatus. The saturated hydraulic conductivity 
was measured using a constant head permeameter. Van Genuchten’s water retention 
equation was then fitted to the measured data (Table 1) using the RETC program 
(Yates et al. 1992). A texture analysis had already been carried out to see if the 
characteristics matched the SGF recommendations. The same analysis was carried out 
in 2001 for the coarser drainage gravel (see Table 2). 
 
Table 1. Measured water content at different pressure potentials and the saturated hydraulic 
conductivity, Ksat.   

Pressure potential (-m) Material 
0 0.05 0.15 0.3 0.5 1 5 

Ksat (mm/h) 

Sand 49.7 - 45.5 24 18.2 14.6 10.6 374 
Gravel 34.2 29.1 16 10.3 8.3 5.8 - 17 
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Table 2: The percentage of the total mass of the soil sample for each particle size group in the sandy 
root-zone and the drainage gravel layer. 

Diameter of particles (µm)  Material 
< 2 2-6 6-20 20-60 60-200 200-600 600-2000 > 2000 

Sand 2.5 1 1 8 11 61 15 0.9 
Gravel 1.6 0.3 0.7 1.5 5.9 15.4 33.8 40.8 
 
A Water Drop Penetration Test (WDPT) was also carried out to examine water 
repellency of the soil. This was done by applying a single drop of water on a soil 
sample and measuring the time taken to infiltrate the soil. The soil is more 
hydrophobic the longer it takes for a drop to infiltrate. Measurements were made 3 
hours, 5 hours and 1 day after sampling, in order to show the effect of soil drying on 
water repellency. 
 
2.1.4 Driving variables 
The model requires daily precipitation and temperature data as driving variables. It 
also needs the global radiation, wind speed and the vapour pressure, so the potential 
evaporation can be calculated internally in MACRO by the Penman-Monteith 
equation (Monteith 1965). These data was taken from meteorological stations in 
Västerås. Data from Uppsala 100 km north east of Västerås was used when data from 
Västerås was not available. This was the case for radiation, vapour pressure and wind 
measurement during some time periods. The irrigation was added to the precipitation 
to get a combined rainfall-irrigation file. 
 
2.2 Model description 
 
This section aims to describe the most important principles used in MACRO. A more 
detailed description of the model is given by Larsbo and Jarvis (2003). 
 
MACRO is a one-dimensional model that simulates non-steady state flows of water 
and solutes in soils. The profile can be divided into horizons with different 
characteristics. The profile is divided into numerical computational layers between 
which the water and solute flow is simulated. MACRO has a special function 
accounting for preferential flow in macropores. This function is not used in these 
simulations because macropore flow is unlikely to occur due to the characteristics of 
the soil. 
 
2.2.1 Unsaturated water flow 
Vertical water fluxes between layers are calculated using Richards’ equation: 
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where θ is the water content, ψ is the pressure head, K is the unsaturated hydraulic 
conductivity, z is the vertical distance between the two layers and S is a sink term 
accounting for root water uptake. Root water uptake is determined by the evaporative 
demand, root distribution and soil water content taking into account water and oxygen 
stress (Jarvis 1989).  
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The water retention curve describes the water tension ψ as a function of the water 
content θ. It is given by the van Genuchten (1980) function: 
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where θr is the residual water content, θs is the saturated water content and α and N 
are shape parameters related to the mean pore size and the pore size distribution 
respectively. 
 
The unsaturated hydraulic conductivity K at a given water content is given by 
Mualem’s model (1976): 
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where Ksat is the saturated hydraulic conductivity and ζ is the tortuosity factor.  
 
2.2.2 Solute transport  
Transport of solutes is calculated with the convection-dispersion equation: 
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where A is the total solute content in a soil volume, c is the solute concentration in 
soil water, q is the water flow rate, U is a sink term representing crop uptake, 
degradation and drainage losses, and D is the dispersion coefficient given by: 
 

*fDvDD ov +=  
 
where Dv is the dispersivity, Do the diffusion coefficient, f* is an impedance factor and 
v the pore water velocity given by: 
 

θ
qv =  
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2.2.3 Adsorption 
Adsorption is calculated using the Freundlich isotherm assuming instantaneous 
equilibrium between solution and sorbed phases: 
 

n
d cks =  

 
where s is the sorbed phase concentration, kd is the sorption coefficient and n is the 
Freundlich exponent that was set to 1 in this study. 
 
2.2.4 Degradation 
The degradation rate coefficient µ is calculated as a function of soil temperature and 
water content: 
 

twref FFµµ =  
 
where  µref is a reference rate coefficient given by: 
 

2
1
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where t1/2 is the pesticide half-life at a reference temperature and moisture content. 
 
The water content response function Fw is given by: 
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where θb is the saturated matrix water content and B is an empirical exponent, while 
the temperature factor Ft is given by: 
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where Tref is the reference temperature and α is a composite parameter, including the 
activation energy. 
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2.2.5 Soil temperature     
Soil temperatures are calculated by the heat conduction equation: 
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where T is the temperature and kh and ch are the thermal conductivity and the 
volumetric heat capacity (calculated within the program). 
 
The impact on the soil temperature from snow cover is accounted for by assuming 
steady state flow of heat through a snowpack of constant density and thermal 
conductivity. The proportion of the precipitation falling as snow depends on the air 
temperature.  
 
2.3 Calibration 
 
Calibration of the model against data from discrete time periods and point 
observations makes it possible to use the model to extrapolate to other points in time. 
The calibration process consisted of two components: a soil hydrology and 
temperature component and a pesticide fate component. The hydrology part of the 
model was first calibrated against the observed water content and drainage data. The 
soil temperature and the soil hydrology determine the fate of the pesticides. It was 
therefore important that they were adequately determined before calibration of the 
pesticide fate. All parameter values used can be found in the appendix.   
 
2.3.1 Hydrological calibration 
A period between April and July in 2000 was chosen as the calibration period due to 
good availability of weather and measurement data during that period. The initial 
parameter values were chosen from data derived from previous fieldwork, literature or 
default values in MACRO.  
 
A lysimeter lower boundary condition (free drainage) set at the base of the root-zone 
layer was used first. The assumption was that the capillary barrier was working 
efficiently. Using a lysimeter boundary condition means that lowest layer in the sand 
profile will only drain once saturated.  
 
A relatively poor performance of the model was obtained when no drainage layer was 
simulated. This indicates that the capillary barrier between the layers was not working 
as intended. The measured particle size distribution of the drainage gravel also shows 
that some migration of particles may have occurred from the root-zone down to the 
drainage layer. The effect has been that the smaller particles have filled the large 
pores. In contrast to the desired characteristics, an impeding layer has formed with 
very low hydraulic conductivity. Because of this, an extra 10 cm horizon representing 
drainage gravel was added at the bottom of the profile. A bottom lysimeter boundary 
condition was also used in this case, this time set at the bottom of the drainage layer.  
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Table 3. RETC derived and calibrated van Genuchten parameters for the root-zone and the drainage 
gravel layer.  
  Root-zone Drainage gravel 
  RETC Calibrated RETC Calibrated 
θs (%) 48.7 44 41.1 43.3 
θr (%) 9.79 5 3.2 1.4 
α (1/cm) 0.086 0.146 0.23 0.385 
N 2 1.8 1.8 1.8 
 
The saturated and residual water contents (θs and θr) and the van Genuchten 
parameters α and N were calibrated to match the measured water contents. Table 3 
shows RETC derived and calibrated parameters in the van Genuchten equation. 
 
To account for fingered flow, a two-region simulation was also carried out. It 
consisted of two simulations with the same settings, except for the rainfall-irrigation 
data. Fingered flow was simulated by adjusting the input precipitation files, such that 
45% of the precipitation fell on 15% of the area, while the rest fell on the remaining 
85%. Simulated water balance components were then weighted by their respective 
fractional areas. 
 
2.3.2 Pesticide calibration 
Data on application rates and time of application of the fungicides came from records 
kept by the greenkeeper at Fullerö. The amount of the active substance (iprodione and 
bitertanol) in each application was calculated from the concentration of the active 
substance in the commercial products (Rovral and Baycor). Table 4 shows application 
rates and dates for the two substances.  
 
2001 was chosen as the calibration year because water samples had been taken three 
times that year, from two different sections of the green (Table 5). A section of the 
green with 2% organic matter in the sand bed was used for the calibration exercise. 
The dose was adjusted for volatilisation using an empirical equation based on the 
vapour pressure of the chemicals (Smit et al. 1998). 
 
Table 4. The amount of the active substance at application.  

Application (g active substance/m2) 
 17-aug-01 19-okt-01 
Iprodione 0.68 0.31 
Bitertanol - 0.034 
 
Table 5. Concentration of iprodione and bitertanol in drainage water (in µg/l) from sections of the 
green with 2 and 3% organic matter 

15-aug-01 23-nov-01 04-dec-01 Organic 
Matter Iprodione Bitertanol Iprodione Bitertanol Iprodione Bitertanol 

2% Not detected Not detected. 3 Trace 10 0.5 
3% No analysis No analysis 0.2 Trace 6 0.5 
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The two most important parameters for the chemical modelling are the degradation 
rate coefficient and the adsorption coefficient. Simulations were carried out to 
evaluate leaching when different literature values of the partitioning coefficient were 
used, and the model was then calibrated to obtain a best fit with measured data in one- 
and two-region simulations. As no fungicides were applied in 2002 because of the 
early winter, the planned sampling of the drainage water was cancelled. This meant 
that the calibration had to be carried out with a limited amount of leaching data. This 
influences the reliability of the calibration, especially for bitertanol, that was applied 
at a low dose. 
 
The lack of data of pesticide concentration in the drainage water for longer time 
periods also made it more difficult to parameterise the degradation factor. Only two 
water samples after application had been analysed and they were taken only a few 
days apart relatively close to the application dates. Values based on data from the 
literature were therefore used after adjustment for enhanced degradation in 
turfsystems. 
 
A visual inspection of the top part of the profile at Fullerö showed that it mainly 
consisted of mineral particles from the top dressing along with grass roots. The 
adsorption capacity of this material was difficult to estimate, because of lack of 
information on the organic content. The same parameterisation as for the root-zone 
was therefore used for the top layer.  
 
2.4 Scenario simulations 
 
Meterological data from a database in Uppsala was used for the long-term 
simulations. 19 years of daily weather observations from 1968 to 1986 was used as 
input in the model. Irrigation was added every year with the same amount and on the 
same dates as for the calibration period, with only slight adjustments to ensure that no 
irrigation was added on days with high rainfall. This was done to see the 
consequences of the management techniques during a long time perspective with a 
full range of different weather conditions. 
 
A number of scenarios with parameter values derived from the calibration exercise 
were simulated to investigate the effects of different green properties on leaching. A 
base simulation was carried out first with calibrated values. Then, the importance of 
organic carbon content in the root-zone was studied, with the partitioning coefficient, 
Kd, calculated for 1 and 3% organic matter. The extent of the reduction in leaching 
with the development of a thatch layer was also examined. Parameterisation of the 
organic carbon content in thatch was done based on the recommendations found in the 
literature (10%, Dubornow et al. 2000). The effect that a satisfactorily working 
capillary barrier would have was studied in a final simulation. The barrier was 
simulated by removing the drainage gravel layer and applying a lysimeter boundary 
condition at the bottom of the root-zone. 
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2.5 Risk assessment 
 
The results from the simulations were extrapolated over time and over the whole 
green area on an 18-hole golf course. The leaching data was multiplied with the total 
green area (~1 ha) to get the total amount of the pesticides leached from a golf course. 
The four first years were considered as ‘warm up years’ and removed from the 
analysis. Maximum and mean annual concentrations for each of the following 15 
years were then calculated.  
 
An eco-toxicological evaluation was carried out based on various chemical databases 
and other sources in the literature. The chemicals, once leached, were considered as 
untransformed and unaffected until reaching the water body of interest.  
 
As the green area is only a small fraction of a whole golf course and an even smaller 
fraction of the watershed, the final predicted concentration in a watercourse was 
adjusted. Three dilution factors (see Table 6) were calculated by comparing the total 
green area of an 18-hole golf course with the total golf course area and two 
watersheds of different sizes.   
 
After adjustment for dilution, the simulated concentrations were compared with eco-
toxicity limit values. Eco-toxicity limit values have been derived using numerous 
techniques. There are limit values for drinking water that cannot be exceeded at water 
extraction sites. The limit value for any pesticide in the European Union is 0.1 µg/l. In 
addition, recommended ‘no-effect’ values have been identified to protect species in 
aquatic ecosystems. The Norwegian Soil Institute has derived eco-toxicity limit values 
(Indeks for miljøfarlighet, MFI) derived from studies on effects of pesticides water-
living organisms, and adjusted with a safety factor of 100 (Ludvigsen and Lode 2001). 
At present, only data on iprodione is available.  
 
Table 6. Dilution factors. 
 Area (Ha) Dilution factor 
Golf course 70 0.0143 
Smaller watershed 500 0.002 
Larger watershed 2500 0.0004 
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3 Results and discussion 
 
3.1 Volatilisation 
 
The predicted accumulated loss by volatilisation was 13.2% of the dose for iprodione 
and zero for bitertanol. The dose of iprodione in the simulations was reduced by an 
equivalent amount. 
 
3.2 Water Drop Penetration Test  
 
Table 7 shows how water repellency changed with depth and time after sampling 
(=dryness). The top layer consisting of a root mat mixed with top-dressing material 
was slightly water repellent. This decreased with depth, and increased with soil 
drying. Based on this, the upper few centimetres of the topsoil can be classified as 
water repellent when the soil is dry. 
 
Table 7. The result of the WDPT and description of the categories. 
 Time (sec) Description  

Depth 3 hr 5 hr 1 day 
1 cm 4 9 482 
3 cm 3 5 320 
5 cm <1 <1 7 

10cm <1 <1 <1 

<5 sec                 Wettable 
5-600 sec            Slightly water repellent 
600-3600 sec      Severely water repellent 
 
Bauters et al. (1998) 

 
3.3 Hydrological calibration 
 
Figures 1, 2, and 3 show the simulated water contents for the calibration period 
compared with the measured. Water contents at 5 and 15 cm were predicted 
accurately with Root Mean Square Error (RMSE) value of 3.2 and 1.9% respectively. 
Water content at 25 cm was however overpredicted (RMSE 5.7%). An accurate 
simulation of the overall water balance could only be achieved by adjusting the 
potential evapotranspiration calculated by the model for a shortgrass surface with the 
Penman-Monteith equation. To match the accumulated drainage, the potential ET had 
to be reduced by a factor 50%. It is possible that the evaporation is lower from a golf 
green than on other vegetated surfaces because of the very low mowing height.  
 
The percolation pattern was poorly predicted, with more peaky outflow instead of the 
more evenly distributed percolation seen in the measurements (Figure 4). The two-
region simulation is shown in Figure 5. It predicts percolation somewhat better than 
the one-region simulation. 
 
Table 3 shows that the α value in van Genuchten’s equation, had to be set to a much 
higher value than obtained from RETC and the saturated water content to a smaller 
value, both of which indicate that hysteresis is an important factor in the Fullerö 
green. 
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Figure 1. Water content at 5 cm depth. 
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Figure 2. Water content at 15 cm depth. 
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Figure 3. Water content at 25 cm depth. 
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Figure 4. Percolation: one-region simulation. 
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Figure 5. Percolation: two-region simulation. 
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Figure 6. Soil temperature at 5 cm. 
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Figure 7. Soil temperature at 15 cm. 
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Figure 8. Soil temperature at 25 cm. 
 
The user of MACRO has only a limited possibility to influence soil temperature 
predictions. The soil temperature predictions are shown in Figures 6, 7 and 8. The 
temperature is generally well predicted, but ice melting complicates the picture at the 
beginning of the calibration period. The figures also illustrate how the ground thaws 
from the top of the profile downwards. The temperature remains at zero or below until 
the ice melts. The temperature later in the period is slightly underpredicted, which 
could mean that the degradation is more rapid than simulated.  
 
3.4 Pesticide calibration  
 
For the one-region simulations, the calibrated Koc values that gave the best results 
were 160 for iprodione and 50 for bitertanol. These are lower than any value found in 
the literature. The large underestimation of leaching when literature values of the 
partitioning coefficient are used in the one-region simulation indicates that some of 
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the pesticide moves faster in the soil matrix, causing an earlier breakthrough curve. 
Preferential fingered flow in the soil is a likely explanation for this. 
 
In the case of the two-region simulations, the calibrated Koc value for iprodione 
(=458) was within the range of the literature values. The calibrated value for 
bitertanol (=158) was more than 10 times lower than the lowest literature value. 
Because of this, only iprodione was evaluated in the long-term simulations.  
 
3.5 Scenario simulations 
 
The results from one and two-region long-term simulations when the calibrated 
parameter values were used are shown in Tables 8 and 9. 
 
The effect of fingered flow on leaching is difficult to quantify. This type of spatially 
variable flow cannot be easily modelled in MACRO. It must also be pointed out that 
the compensation for fingered flow was not based on any theoretical or empirical 
evidence of the magnitude and importance of the processes leading to fingered flow in 
the Fullerö golf greens. It is however likely that the high concentration in the water 
samples can be explained by fast transport through the upper part of the soil during 
August and September when the soil is drier and more water repellent. Fingered flow 
may therefore be less important for pesticide transport during wetter periods. It is also 
reasonable to assume that only a small fraction of the fungicides are transported 
through fingered flow, while the bulk of the chemicals are transported through the soil 
matrix at a slower rate. This is why the calibrated Koc values from the fingered flow 
simulation were used in one-region scenario simulations to get input concentrations 
for the risk assessment (Table 10). For this simulation, the maximum concentration 
for each year, from the lowest to the highest value, are shown in Figure 9. The 
maximum concentration varies greatly from year to year as a result of different 
weather conditions. 
 
The one-region simulation (Table 9) gives too high leaching because a too low Koc 
value had to be used to achieve a fast breakthrough to match the concentrations that in 
reality were caused by fingered flow. The other alternative, to use long term two-
region simulation model for the risk assessment (Table 8) was also rejected. Fingered 
flow is a dynamic process and the simple model adopted here would only be valid 
under certain conditions. One of the weaknesses of the approach is that the moisture 
content in the soil does not control the occurrence and magnitude of fingered flow. 
Snow cover would also be a problem, as the simulated snow pack will be much 
deeper in the fingered flow section.  It was however believed that during the 
calibration period, the two-region simulation could help to identify a reasonable Koc 
value for iprodione.  
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Table 8. Result from one-region long-term simulation of iprodione leaching with parameter values 
from one-region calibration. 

  Median 80'th percentile Max  
Maximum annual 
conc. (µg/l) 377 1039 3530 

Mean annual conc. 
(µg/l) 192 814 1805 

Total leaching 
(% of dose) 9.1 

 
Table 9. Result from two-region long-term simulation of iprodione leaching with parameter values 
from two-region calibration. 

  Median 80'th percentile Max  
Maximum annual 
conc. (µg/l) 367 899 1966 

Mean annual conc. 
(µg/l) 53 69 72 

Total leaching 
(% of dose) 1.8 

 
Table 10. Result from one-region long-term simulation of iprodione leaching with parameter values 
from two-region calibration. The concentrations in this simulation were used for the risk assessment. 

  Median 80'th percentile Max  
Maximum annual 
conc. (µg/l) 9.8 16.9 41.4 

Mean annual conc. 
(µg/l) 7.0 10.2 32.4 

Total leaching 
(% of dose) 0.2 

 
Table 11. Results from simulation with a fully developed thatch layer.  

  Median 80'th percentile Max  
Maximum annual 
conc. (µg/l) 6.0 9.4 17.7 

Mean annual conc. 
(µg/l) 4.0 5.3 13.2 

Total leaching 
(% of dose) 0.11 

 
Table 12. Results from simulation with 1% organic matter in the root-zone.  

  Median 80'th percentile Max  
Maximum annual 
conc. (µg/l) 132 350 1191 

Mean annual conc. 
(µg/l) 73 258 665 

Total leaching 
(% of dose) 3.31 
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Table 13. Results from simulation with 3% organic matter in the root-zone. 

  Median 80'th percentile Max  
Maximum annual 
conc. (µg/l) 2.7 4.3 5.2 

Mean annual conc. 
(µg/l) 1.5 2.4 3.7 

Total leaching 
(µg /m2) 0.044 

 
Table 14. Results from simulation with a perfectly working capillary barrier. 

  Median 80'th percentile Max  
Maximum annual 
conc. (µg/l) 4.4 7.5 12.2 

Mean annual conc. 
(µg/l) 2.4 4.6 8.8 

Total leaching 
(µg /m2) 0.074 
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Figure 9. Highest yearly concentration for the period 1972-1986, ordered from the lowest to the 
highest concentration. 
 
A comparison of Tables 10 and 11 shows that the simulated total amount of leached 
iprodione was reduced with 46% when a thatch layer was added. The highest 
simulated concentration was also reduced by more than 50%. Tables 12 and 13 show 
how leaching varies with organic matter content in the root-zone. An almost 20 fold 
increase is noted when the organic matter is reduced to 1%. Very little leaching was 
simulated at 3% organic matter. This stresses the importance of the partition 
coefficient and that a small over- or underestimation of Koc will have a dramatic effect 
on leaching predictions. 
 
A comparison of Table 14 with Table 10 shows that leaching is predicted to be 
reduced by 62% over 19 years when the capillary barrier is working as intended. This 
is probably a result of higher water content in the soil caused by the barrier, leading to 
a more rapid degradation. It may not be possible to construct a green with these 
properties, but this result can be seen as an indication that leaching may be reduced if 
the capillary barrier is working more efficiently. 
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3.6 Risk assessment  
 
Table 15 shows the calculated risk ratios for iprodione (based on the highest simulated 
concentration). It can be noted that a risk ratio of 1 is only exceeded once (the EU 
drinking water limit for a golf course). The remaining risk ratios are all below 1. The 
EU limit value for drinking water is relevant to groundwater extraction and surface 
water use after treatment. To reach groundwater, the substance must also leach 
through the soil profile under the golf green, which will give a large attenuation from 
additional degradation.  
 
Table 15. Risk ratios for iprodione leaching. 

  Dilution factor Conc. (µg/l) MFI 
(µg/l) 

RR 
(MFI) 

RR (Drinking 
water) 

Golf course 0.0143 0.59 0.24 5.92 
Small watershed 0.002 0.083 0.013 0.83 
Large watershed 0.0004 0.017 

2.5 
0.003 0.17 

RR - Risk Ratio = Concentation/Limit value      
 
The high water-octanol partitioning coefficients, Kow, of the two fungicides means 
that they are strongly adsorbed to sediment, which will further decrease the 
concentration in the water below those calculated and shown in Table 15, but that they 
will affect sediment-living organisms more. 
 
Iprodione is also transformed rapidly in water due to hydrolysis especially at high pH 
values (Half life: 2-3 days at pH 7, KEMI 1997). This means that the amount of the 
chemical will be quickly reduced in an aquatic environment. Bitertanol is not affected 
by hydrolysis. Photolysis contributes little to the overall degradation of iprodione or 
bitertanol (KEMI 1997, Pesticide manual 1994). 
 
Volatilization is a process whereby the compounds can be lost to the air. The vapour 
pressure and Henry’s law constant can used as to assess the likelihood of 
volatilisation. The risk for volatilisation of bitertanol is very low, while iprodione is 
more prone to volatilisation. Iprodione has also been found in rainwater in Sweden 
(Kreuger et al. 2003). 
 
The bioconcentration factor (BFC) is the ratio between the chemical’s concentration 
in an organism and in the immediate environment. This can be used as a measurement 
of the increase in concentration from one trophic level to the next (Samiullah 1990). 
BFC has been correlated with Kow by Mackay (1982): 
 
BFC = 0.048 Kow 
 
Table 16 shows that at least bitertanol is potentially a bio-accumulating substance. 
 
Table 16. Bioconcentration factors. 
  Kow BFC 
Iprodione 1259 60.4 
Bitertanol 12590 604 
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4 Conclusions and recommendations 
 
The simulations and measurements suggest that leaching occurs from the green. With 
an amount that varies from year to year depending on climatic factors, and with 
increased leaching during years of high precipitation. Although the concentrations are 
generally higher than limit values for aquatic life and human health, the small area 
that is treated makes the total contribution from a golf course small. Taking into 
account dilution with cleaner water and processes taking place after leaching, like 
sorption to sediments and hydrolysis, the effect on a receiving water environment is 
likely to be limited. Risk assessments must however be done on a case to case basis 
and where possible regard should be taken to local conditions.  
 
The simulations were based on worst-case scenarios, with the same treatment every 
year. This is unlikely when treatment routines are changed continuously and when the 
fungicides are not applied every year.  
 
The output from these simulations can, in a next step, be used as input in aquatic 
ecosystem modelling (FOCUS 2001). A better risk assessment, unique to each site, 
can be achieved by using site-specific information as input in the model together with 
the chemical properties of the compounds.  
 
Continuous sampling of the drainage water, as well as sediment and water from 
nearby streams would improve the reliability of the modelling. It is important that 
sampling is undertaken during a long time period to study the temporal variability and 
likelihood of accumulation.  
 
Fingered flow, most likely generated by water repellency in the surface few 
centimetres, complicated the predictions, as this process is not included in MACRO. 
This and other studies confirm its occurrence in golf greens, and its effect on leaching 
potential. Even though much is known about the mechanisms controlling fingered 
flow, more research is needed to find ways to incorporate this into computer models. 
It is also recommended that the critical moisture content for initiating water 
repellency is determined experimentally. 
 
The water balance showed that evapotranspiration is lower from the turfgrass system 
than is generally assumed. This implies that many golf greens are overirrigated and 
that leaching can be reduced if irrigation is adjusted to compensate for the actual 
evaporation. There should also be considerable scope for developing irrigation 
scheduling tools based on water balance models that would allow greenkeepers to 
match applications more exactly to plant requirements. 
 
The green was only two years old at the time the water samples were taken. In time, 
leaching will most likely decrease as the thatch layer develops. Different management 
techniques will influence the size of the thatch layer. It is recommended that the 
environmental benefits of a thick thatch layer are considered as well as playing quality 
issues when deciding on management practices that affect the thatch. More effort 
must be put into finding the right material for the rootzone and drainage layer mixes. 
A green that works as intended will not only provide better conditions as a growing 
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medium, but can also reduce the environmental impacts by reducing leaching. An 
intermediate layer between the sand bed and the drainage gravel is recommended by 
USGA to inhibit particle migration when the desirable characteristics of particle 
mixes cannot be found. 
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Appendix   
 
Parameter settings 
 
Below are the most important parameter values that were used in the risk assessment 
(MACRO variable names are given within brackets).  
 

Physical parameters 
 Root-zone Drainage gravel 
Wilting point % (WILT) 5.1 1.5 
Tortuosity factor (ZM) 0.5 0.5 
Trapped air % (TRAP_AIR) 0 0 
Residual water content % (RESID) 5 1.4 
Saturated water content % (TPORV) 44 43.3 
van Genuchten’s α cm-1 (ALPHA) 0.146 0.385 
van Genuchten’s N (N) 1.8 1.8 

Crop parameters 
Root distribution (RPIN) 65 
Drought stress factor (FAWC) 0.8 
Critical soil air content % (CRITAIR) 3 
Root adaptability factor (BETA) 0.6 
Canopy interception capacity mm (CANCAP) 0.5 
Leaf area index (LAI) 4.5 
Crop height m (HCROP) 0.007 
Root depth m (ROOTDEP) 0.3 

Site parameters 
Average annual temp. °C (ANNTAV) 7 
Average annual temp. amplitude °C (ANNAMP) 10 
Rainfall correction factor (RAINCO) 1.07 
Snowfall correction factor (SNOWCO) 1.14 
Snowmelt factor mm/°C/day (SNOWMF) 4.5 
Site latitude (PHI) 59.6 
Average rainfall intensity mm/h (RINTEN) 2 

Solute parameters 
Mixing depth mm (ZMIX) 0.5 
Diffusion coefficient in free water m2/s (DIFF) 1.90*10-9 
Dispersivity cm (DV) 3 
Freundlich exponent (FREUND) 1 
Exp. in degradation water response function (EXPB) 0.7 
Exp. in degradation temp. response function (TRESP) 0.08 
Reference temp. °C (TREF) 20 

Iprodione Bitertanol Degradation rate coefficient day-1 
0.0347 0.023 

 
 
                           


