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ASSESSING THE POTENTIAL FOR PREDATION ON WILD
SALMONID FRY BY HATCHERY-REARED SALMONIDS IN
WASHINGTON®!

Juvenile salmonids are subject to predation by a variety of avian, mammalian, and piscine
predators, and predation has been implicated as an important source of mortality in a number of
salmon populations (Fresh 1997; Mather 1998). Recently, concern has been expressed about the
potential for hatchery-reared salmon and steelhead to prey on wild juvenile Pacific salmonids
(Oncorhynchus spp.) and the impact that this predation may have on threatened or endangered
salmonid populations (Lichatowich 1999; Levin et al. 2001).

The potential for predation of wild salmonids by hatchery-reared smolts will depend on the sizes,
numbers, and spatial distribution of predators and prey, the functional and numerical responses of
the predators, and the amount of time that predators and prey are in proximity. Here we review the
evidence for predation on wild salmonids by hatchery-reared fish and propose a strategy to
estimate risks to wild salmonid populations from predation by hatchery-reared salmonids.

Evidence for Intrageneric Predation by Oncorhynchus
Spp.

Freshwater

Predation on wild salmonid fry by salmonids is probably most likely in the freshwater
environment, where potential salmonid predators are concentrated and exposed to large numbers
of prey in a relatively small area. There is abundant evidence that salmonid smolts may prey on
wild Pacific salmon fry in streams. Ricker (1941) reported that coho salmon were an important
predator of sockeye fry in Cultus Lake, British Columbia (BC). Hunter (1959) reported that coho
salmon smolts preyed on chum and pink salmon fry in Hooknose Creek, BC, and used his and
other data from BC to estimate that each coho smolt might have consumed 1.5-2.0 fry per day.
McCart (1967) reported that coho salmon smolts, rainbow trout, and cutthroat trout were
important predators of sockeye salmon fry in the Babine River, BC, with coho smolts consuming
an estimated mean of 3.7 sockeye per fish. Parker (1971) suggested that the primary source of
mortality of chum and pink salmon fry was predation by coho salmon, but presented no data to
support this. Fresh and Schroder (1987) reported that coho salmon consumed a large number of
chum salmon fry in Big Beef Creek, Washington (WA), as did resident rainbow and cutthroat
trout. Hargreaves and LeBrasseur (1986) found that coho salmon smolts selectively preyed on 48—
50 mm chum salmon fry. Ruggerone and Rogers (1992) estimated that 59% of the sockeye fry
population in the Chignik Lakes, Alaska (AK), was consumed by juvenile coho. Seiler et al.
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(2002) found salmonid prey in the stomachs of juvenile steelhead, coho, Chinook and cutthroat
trout that were captured in a screw trap on the Green River, WA.

There are several studies that have reported predation by hatchery salmonids on wild salmonid fry.
Sholes and Hallock (1979) estimated that millions of wild Chinook were consumed by hatchery-
reared Chinook and steelhead in the Feather River, California (CA), and Cannamela (1993)
estimated that hatchery-reared steelhead smolts consumed up to 24,000 wild Chinook fry in the
Salmon River, Idaho (ID), over the course of 50 days; these estimates were based on extrapolation
from small sample sizes. Menchen (1981) found that steelhead smolts released into Battle Creek,
CA, were significant predators on naturally-produced Chinook fry. Beauchamp (1995) reported
that wild steelhead smolts were the primary predator of sockeye salmon fry in the Cedar River,
although hatchery-reared steelhead smolts, which were released during the latter half of the
sockeye migration, did not appear to prey on sockeye fry. Hawkins and Tipping (1999) observed a
small proportion of hatchery reared coho, steelhead, and cutthroat smolts preying on wild Chinook
smolts. Beauchamp (1990) found that rainbow trout stocked into Lake Washington did not
become primarily piscivorous until they reached approximately 250 mm, and did not consume
many salmonids at any size, although sockeye salmon fry were available in the lake.

Because hatchery-reared salmonids may not feed as well as wild conspecifics (Sosiak et al. 1979;
Bachman 1984; Olla et al. 1998), one might expect that they would be less efficient as predators,
although wild and hatchery-reared brown trout in a Norwegian reservoir were observed to have
similar rates of piscivory (L’Abée-Lund et al. 2002). Moreover, any reduced feeding might be
offset by the generally larger size of hatchery-reared smolts. Although there is evidence that
predation of salmonid fry by migrating smolts may be common in streams, the estimation of risk
to wild salmonid fry from predation by hatchery-reared smolts in WA streams is hindered by a
lack of published data on the comparative feeding habits of hatchery and wild smolts. Recent
sampling by the Washington Department of Fish and Wildlife (WDFW) indicates that migrating
smolts of hatchery and wild coho and steelhead may prey on chum salmon fry in Washington
rivers (H. J. Fuss, WDFW, Olympia, personal communication).

The high potential for encounters between hatchery-reared predators and wild salmonid prey in
freshwater environments may be tempered by the fact that hatchery-reared smolts generally spend
very little time in rivers before migrating to sea. Although we are unaware of any published data
on residence times of hatchery-reared smolts in freshwater, it is widely believed that the majority
of these fish migrate out of rivers very quickly. Recent work in Willapa Bay tributaries suggests
that over 95% of steelhead, coho and Chinook smolts leave the immediate area of release within
several hours (Riley et al. 2001; 2002).

Although most hatchery-reared smolts may migrate out of rivers relatively quickly, some
steelhead smolts released from hatcheries have been observed to remain in rivers for months or
years after release; these fish are known as ‘residual’ steelhead. Recent snorkeling in WA coastal
streams has reported counts of residual steelhead between 1.25-37.7 fish per km several months
after release, and stomach sampling on one stream revealed that five of 44 (11%) residual
steelhead sampled contained salmonid remains, and a further 11% contained unidentifiable fish
remains (Riley et al. 2001). McMichael and Pearsons (2001) found that residual hatchery-reared
steelhead migrated up to 12.8 km upstream of their release point and outnumbered wild salmonid
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yearlings in several stream reaches. Martin et al. (1993) reported that residual hatchery-reared
steelhead preyed on wild Chinook fry in the Tucannon River. Predation by residual steelhead on
wild salmonids may represent an important impact on wild salmon populations and deserves
further study.

Estuarine and Nearshore Marine Environments

Juvenile salmon and steelhead may spend considerable time in estuaries and nearshore
environments before moving into offshore marine habitats (Healey 1980; Simenstad et al. 1982;
McCabe et al. 1986; Pearcy 1992). The amount of time spent in estuaries by different salmonid
species varies from several days to several months among estuaries and among years, and is
probably related to environmental conditions (e.g., temperature, prey availability, stream flow)
and the physical characteristics of individual estuaries (Simenstad et al. 1982). There is evidence
that all five species of Pacific salmon may co-occur in habitats within the Campbell River estuary,
BC (Korman et al. 1997), indicating that the potential for intrageneric predation exists in these
habitats, although Macdonald et al. (1987) found that larger fish tended to occupy deeper water in
these habitats.

Compared to freshwater studies, there is little evidence that wild salmonids are preyed on by other
salmonids in estuarine or nearshore environments. Diets of juvenile Pacific salmon in the
nearshore marine environment are often dominated by invertebrates (Manzer 1969; Feller and
Kaczynski 1973; Craddock et al. 1976; Kjelson et al. 1982; Shreffler et al. 1992; Simenstad et al.
1992; Perry et al. 1996; Miller and Simenstad 1997; Moulton 1997; Gray et al. 2002), but may
contain fish after the fish grow larger and move offshore (Healey 1991b; Tadokoro et al. 1996;
Landingham et al. 1998), although salmonids have rarely been identified as prey. Emmett (1997)
and Simenstad et al. (1992) suggested that the primary fish predators of juvenile salmon in
estuaries were cutthroat trout and steelhead smolts, but did not cite any data to support this, and
McCabe et al. (1983) suggest that intrageneric predation on salmonids was rare in the Columbia
River estuary. Durkin (1982) reported that the diet of coho salmon smolts (128—138 mm) in the
Columbia River estuary was composed almost entirely of invertebrates, and found no evidence
that salmonids were utilized as prey. Murphy et al. (1988) found no evidence that coho salmon
smolts preyed on chum or pink fry in a southeast AK estuary. Macdonald et al. (1987) did not
report any salmonids in the diets of coho or Chinook smolts in the Campbell River estuary.
Similarly, no salmonids were identified in the stomachs of juvenile Chinook salmon captured in
nearshore habitats in Puget Sound (Miller et al. 1977; Fresh and Schroder 1984; Buckley 1999).
Recent sampling in Puget Sound, however, has revealed that cutthroat trout may be significant
predators of wild salmonid fry in nearshore areas (D. Beauchamp, UW, personal communication).

The results of numerous investigations suggest that intrageneric predation of wild juvenile
salmonids is not common in estuarine or nearshore marine environments, but this may reflect
difficulties in sampling and the relative paucity of work that has been conducted in these
environments compared to freshwater. Because predation of juvenile salmonids by marine fishes
may be significant in these environments (e.g., Beamish et al. 1992), the relative risk of predation
by hatchery-reared salmonids may be low. However, we are not aware of any studies that have
been specifically designed to look for predation by hatchery-reared salmonids in estuarine or
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nearshore habitats. Hatchery-reared Chinook salmon smolts may spend less time (Levings et al.
1986) and use different habitats (Levings et al. 1986; Macdonald et al. 1987) in the Campbell
River estuary than wild smolts, which may affect their predation potential compared to wild fish.
More research on the feeding habits of hatchery-reared salmonids in nearshore and estuarine
environments is necessary if predation risk to wild salmonids is to be estimated.

Offshore Marine Environment

There is little evidence of intrageneric predation among salmonid species in the offshore marine
environment. Although fish may make up a significant component of the diets of juvenile Chinook
and coho in offshore marine environments, salmonid remains have rarely been identified as prey
(Manzer 1969; Peterson et al. 1982; Brodeur 1989; Brodeur and Pearcy 1990; Pearcy et al. 1990;
Brodeur et al. 1992; Landingham et al. 1998; Buckley 1999; Hunt et al.1999). In a sample of
stomach contents collected between 1996 and 2002 from 86,266 ocean age-0 salmon (12,005 of
which were hatchery-origin) from Puget Sound and the waters off Vancouver Island, only one fish
was observed to have salmonid remains in its stomach (Ruston Sweeting, Canadian Department of
Fisheries and Oceans, Pacific Biological Station, Nanaimo, BC, unpublished data). Although
many of these studies used small sample sizes and were not designed to look for evidence of
intrageneric predation, the fact that virtually all of the data collected indicate that salmonids do not
feed on other salmonids offshore indicates that offshore predation by salmonids is probably not an
important source of mortality to Washington salmon and steelhead stocks.

Offshore predation on wild salmonids by hatchery-reared smolts may be rare because encounter
rates between the two may be low. Larger fish may move offshore earlier than smaller fish (Pearcy
1992), and the two may not co-occur in the marine environment when wild fry are small enough to
be preyed upon by hatchery smolts. Future studies of salmonid diets in the offshore environment
should estimate the density of potential predators and prey to evaluate how likely they are to
encounter each other.

Relative Size of Predators and Prey

There is evidence that salmonids are capable of preying on fish that are up to approximately 50%
of their body length, but the majority of prey is probably much smaller. Keeley and Grant (2001)
provide linear regression relationships for salmonid body size and prey size based on a variety of
salmonid diet studies. Their results for salmonids feeding on fish in streams suggest that the mean
prey size for 100200 mm salmonids is between 13—15% of predator body size. There was very
little variability among salmonid species in these predator/prey size relationships. Damsgard
(1995) developed a maximum prey size relationship for salmonids (based on mouth size) which
suggests that salmonids are physically capable of consuming prey that are 49—-51% of their body
length.

In a laboratory experiment, Pearsons and Fritts (1999) found that hatchery-reared coho salmon
consumed Chinook salmon that were up to 46% of their body length. Several other studies suggest
that small juvenile salmonids will prey on fish up to about 40-45% of their body length (Martin et
al. 1993; McConnaughey 1998), although Hargreaves and LeBrasseur (1986) found that yearling
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coho salmon very occasionally preyed on juvenile chum that were up to 75% of their body length.
A recent study of Arctic char feeding on conspecifics suggests that the maximum relative prey size
was approximately 47% of predator length (Finstad et al. 2001). It is therefore reasonable to
assume that salmonid predators are capable of consuming prey up to approximately 50% of their
body length.

The relative sizes of downstream-migrating smolts or fry of different species of salmonids in
Washington suggest that several possible predator/prey combinations are likely to occur. Virtually
all Oncorhynchus species could be potential prey for larger salmonids in freshwater when they are
small, but those that migrate to sea at a small size are probably most vulnerable because they
become concentrated in the downstream reaches of rivers. The relative vulnerability of wild
juvenile salmonids to predation in freshwater depends on the release location of hatchery fish; if
fish are released near the mouth of the river, then migrating fry are probably most vulnerable to
predation. Hatchery fish that are released further upstream may encounter concentrations of all
species of salmonid fry that occur in a given river.

Pink and chum salmon typically migrate at the smallest size of all species of Pacific salmonids
(Heard 1991; Salo 1991; Hard et al. 1996; Johnson et al. 1997), often less than 50 mm in length.
Ocean-type Chinook migrate as fry or smolts at sizes ranging from 30-100 mm (Myers et al.
1998, Healey 1991a). Smolts from WA sockeye salmon populations usually migrate to sea as 90—
150 mm yearlings, but fry may be vulnerable to predation during earlier migrations to lake habitat
and within lakes (Gustafson et al. 1997). These species are probably most likely to be preyed upon
by hatchery-reared salmonids in WA.

Hatchery-reared chum, pink, sockeye, and ocean-type (underyearling) Chinook are unlikely to
prey on wild salmonids due to their relatively small size at release and their non-piscivorous
feeding habits. Yearling coho, Chinook, and steelhead smolts are typically released from WA
hatcheries at sizes ranging from 115-140, 150—180, and 180-240 mm, respectively (H. Fuss,
WDFW, personal communication); these species have the greatest likelihood of preying on wild
salmonid fry due to their large size. Although some hatchery-reared smolts, particularly steelhead,
are large enough to feed on wild yearling salmonids, it is less likely that they would do so because
yearlings would be far less abundant than fry. Hatchery-reared steelhead might be expected to
prey on the largest size-range of prey due to their larger size; at 50% of body size, coho, Chinook
and steelhead smolts could consume prey up to 70, 90 and 120 mm in length, respectively (Figure
1). Hatchery-reared coho, however, are probably the most likely species to have significant effects
on wild salmonid populations in WA due to the large numbers released: WDFW released
approximately 32.7 million coho in 2000, compared with 10 million steelhead and 3.5 million
yearling Chinook (H. Fuss, WDFW, personal communication).
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Figure 1. Relative sizes of hatchery-reared salmonid predators (at release) and their potential
migratory salmonid prey in Washington, assuming that predators may consume fish up to 50% of
their body size.

Spatial and Temporal Overlap of Potential Predators
and Prey

Predators and prey must show significant overlap in time and space in order for predation to have
an impact on prey populations. Estimation of the risk to wild salmonid populations in WA from
hatchery-reared salmonid predation is complicated because both predators and prey may be
migratory and the spatial and temporal overlap between predators and potential prey may vary
among locations and years. The likelihood that hatchery-released juvenile salmonids will prey on
wild salmonids will depend on, among other factors, the spatial and temporal distribution of wild
salmonids relative to hatchery-reared predators.

Spatial Overlap

Hatchery-reared yearling coho, Chinook and steelhead are released from a number of hatcheries
throughout WA. For example, yearling Chinook are released from hatcheries on 15 rivers in
coastal (Sol Duc, Dungeness), Puget Sound (Skagit, Nooksack, Skykomish, Green, Deschutes),
and Columbia River (Cowlitz, Kalama, Lewis, Klickitat, Tucannon, Yakima, Wenatchee,
Methow) regions (H. Fuss, WDFW, personal communication). The distribution of potential wild
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salmonid prey within WA varies widely by species. For example, sockeye salmon populations
occur in only six drainages in WA (Gustafson et al. 1997), pink salmon occur in eleven (Hard et
al. 1996), while coho occur in most drainages capable of supporting salmon. An initial step that
should be taken, as we suggest below, is to tabulate the distribution of hatchery-reared yearling
salmonid smolts and their potential salmonid prey to identify basins where predation by hatchery-
reared fish might be expected to be most important.

The previous section suggests that predation on wild salmonid fry by hatchery-reared salmon and
steelhead is most likely to occur in freshwater, although the potential for predation in estuarine
and nearshore environments deserves more study. Relatively little is known about the distribution
and habitat use of wild and hatchery-reared salmonids in estuarine and nearshore environments,
which makes it difficult to determine the potential for spatial overlap of hatchery predators and
wild prey. For example, the likelihood that hatchery-reared salmonids might migrate within the
nearshore environment (e.g., among estuaries) is unknown. Further research on salmonid use of
nearshore and estuarine environments is necessary to determine the potential for predation of wild
salmonids by hatchery-reared fish.

Temporal Overlap

Chum salmon fry emerge from the gravel between late-January and June and usually begin
migrating downstream immediately after emergence (Johnson et al. 1997), although some reside
in freshwater for up to one month before migrating (Simenstad et al. 1982). Peak chum migrations
usually occur between March and April in WA streams (Healey 1982). In WA, juvenile
migrations are usually short, ranging from just a few hours to a few days, because chum salmon
generally spawn in the lower reaches of rivers. Simenstad et al. (1982) found that the average
residence time per estuary was ten weeks and 24.5 days for individuals. Chum salmon juveniles
spend more time rearing in estuaries than most other anadromous salmonid species.

Pink salmon have the shortest freshwater residence phase of all Oncorhynchus species. Most adult
returns occur in odd years in WA (except for an even-year run in the Snohomish River), so
juveniles are primarily present in freshwater in even years (Hard et al. 1996). Juvenile pink salmon
begin migrating immediately upon emerging from the gravel (Simenstad et al. 1992). Emergence
and migration typically occur between March and April in WA, but may extend into May. The
duration of residence in the estuary ranges from a few days to three months, but is generally short
(Healey 1982). Later emerging fry tend to move directly into salt water without pausing long in
the estuary (Hurley and Woodall 1968).

During the period of emergence and migration to the nursery lake, sockeye fry are highly
vulnerable to predation by other fish and birds (Gustafson et al. 1997). Fry emerge in the Cedar
River, WA between January and early June, with peak emergence from early-March through mid-
May (Stober and Hédmaéldinen 1979, 1980; Seiler and Kishimoto 1996). Most sockeye in WA
smolt and migrate seaward after one year of lake residence (Gustafson et al. 1997).

Ocean-type Chinook salmon migrate seaward as subyearlings during one of three distinct phases,

here referred to as immediate, fry, and fingerling migrants. The immediate phase fish migrate soon
after yolk resorption (Lister et al. 1971, Healey 1991a). Most Chinook salmon migrate as fry
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between March and June after rearing for 60-150 days in freshwater. Fingerling migrants stay in
the river until late summer of their first year (Myers et al. 1998). Juvenile fall Chinook salmon are
therefore likely to be present in freshwater anytime between emergence in late-January or
February through September. Ocean-type Chinook juveniles make greater use of estuaries for
rearing than their spring-type counterparts, and earlier migrating smolts spend proportionately
more time rearing in the estuary environment. Levings et al. (1986) reported that individual wild
Chinook fry resided in the Campbell River, BC estuary for 40 to 60 days. Estuary residence times
in southern BC (e.g. Campbell River estuary) may be shorter than elsewhere due to the abundant
sheltered coastal habitat available in that region. Simenstad et al. (1992) found individuals residing
in large WA estuaries for up to 189 days. McCabe et al. (1986) reported subyearling Chinook
present in the Columbia River estuary year-round, but most numerous from May through
September. Fall Chinook are present in the estuary environment throughout the spring, summer
and fall (Healey 1982).

In summary, chum and Chinook salmon have the longest estuary residencies whereas pink and
sockeye typically spend less time rearing in this environment (Healey 1982; Simenstad et al.
1992). Pink and chum salmon typically migrate to the estuary soon after emergence, whereas
Chinook and sockeye spend a few months to a year rearing in freshwater before migration. The
active rather than passive migration, nocturnal movement, and schooling behaviors of pink,
sockeye and to a lesser extent chum salmon are behavioral adaptations to reduce predation risk
during migration (Burgner 1991).

We have identified hatchery-reared yearling coho, fall and spring Chinook, and steelhead smolts
as potential predators of wild salmonid fry, and a comparison of their release dates with the stream
and estuary residencies of wild fry may identify periods when intrageneric predation could occur.
In Puget Sound, hatchery-reared yearling coho smolts are released from late-April through June
(Fuss and Ashbrook 1995). Yearling fall Chinook are released between March and May; yearling
spring Chinook are released in April and May. Yearling summer Chinook smolts are released from
late-March through early-April. Hatchery steelhead generally smolt after one year and are released
from April through June. As we suggest below, determining the potential temporal overlap
between hatchery-reared smolts and their potential prey in rivers where hatchery smolts are
released is an important first step in determining the likelihood of predation by hatchery-reared
smolts.

Predator Functional and Numerical Responses

The functional response of a predator is the relationship between the consumption rate of a
predator and the abundance of prey. For example, predator consumption may be limited unless
sufficient numbers of prey are available, and predators may be ‘swamped’ at high prey densities.
There is relatively little information on the functional response of salmonid predators to
congeneric prey, although Fresh and Schroder (1987) found that consumption of chum fry by fish
predators (primarily rainbow trout and coho) leveled off at higher densities of prey, suggesting
that relative predator consumption was limited at higher prey densities. Peterman and Gatto
(1996), however, suggested that predators on salmonid fry were not likely to be swamped by all
but the largest prey populations.
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The functional response of hatchery-reared salmonids may depend on a number of factors,
including prey behavior (e.g., schooling, sheltering), habitat use of predators and prey,
physiological condition of predators (e.g., smolt status), habitat availability, temperature,
discharge, and turbidity. For example, chum salmon do not form tight schools and typically
migrate at night (Mason 1974; Salo 1991), while pink salmon fry migrate in tight schools near the
water surface. This may mean that chum fry may be more widely dispersed than pinks, which may
make them less vulnerable to predation by larger fishes.

The numerical response describes how predators respond in terms of numbers to prey abundance.
For example, some predators have been shown to aggregate in areas where salmonid prey are
abundant (Larsson 1985; Beamish et al. 1992). We are aware of no published studies that describe
the migratory behavior of hatchery-reared salmonids with respect to the abundance of potential
prey. For example, if hatchery-reared smolts delay migration in order to feed on wild fry in
freshwater or estuarine environments, the impact of predation on wild salmon populations might
be greater.

A Strategy to Estimate Risks to Wild Salmon and

Steelhead Populations from Hatchery-Reared Salmonid
Predation

1. Describe Spatial and Temporal Overlap of Predators and Prey

Based on WDFW and other agency stocking programs, the spatial distribution, migration timing,
and size of yearling hatchery-reared salmonids should be tabulated for freshwater, estuarine, and
offshore habitat. The spatial distribution, migration timing and size of potential prey in basins
where hatchery predators are present should similarly be tabulated. This information will allow the
identification of areas where predation on wild fry by hatchery-reared fish is likely to be
important.

2. Conduct Research to Estimate Predation Rates on Wild
Salmonids

Within areas identified in step 1, field research should be conducted to determine the importance
of predation by hatchery-reared salmonids on wild salmonid fry in freshwater and estuarine
environments. The data collected should include, but not be limited to, predation rates by hatchery
fish, density and habitat use of hatchery and wild fish, residence time of wild and hatchery-reared
fish in freshwater and estuarine environments, the proportion of wild fry consumed by predators,
and the relative importance of predation by hatchery fish versus other predators.

Laboratory research could be combined with field work to examine questions about how predator
and prey behavior and habitat use may affect predation rates, how environmental factors
(temperature, flow, turbidity) may affect predation, and the functional response of predators to
multiple prey types. The ultimate goal of this research would be to obtain estimates of predation
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rates of hatchery-reared fish on wild salmonid fry and to determine how these are likely to vary in
order to develop models to estimate risk to wild salmonid populations from predation by hatchery
fish.

3. Develop Models to Estimate the Risk of Predation by
Hatchery-Reared Smolts.

The risk to wild salmon and steelhead populations associated with predation by hatchery-reared
fish should be estimated by developing models based on data collected from specific locations
where predation is determined to be likely. These models could then be applied to other areas to
determine the likelihood that predation by hatchery-reared smolts effects wild salmonid
populations throughout the state.

Models have previously been developed to estimate the impacts of predators on migrating
salmonids (e.g., Petersen and DeAngelis 1992). Recent research indicates that the scale at which
modeling is conducted may have significant effects on results, and that modeling should be
undertaken at the smallest temporal and spatial scales that are relevant (Petersen and DeAngelis
2000; DeAngelis and Petersen 2001). The type of models that are to be developed should be
determined before data collection begins in order to ensure that data are collected at the
appropriate scale to provide relevant results.
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