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Abstract—Assessments of stream fish or benthos assemblages normally involve a contrast of
conditions at “test” sites to conditions represented by “regional” reference sites that are either
minimally or least disturbed. Identification of reference sites is difficult and normally involves
avariety of subjective criteria. The development of reference models for stream fish and benthos
in the Canadian tributaries of Lake Ontario is particularly challenging because there are few
undeveloped areas and there is no consensus on criteria for a least-disturbed condition. Rather
than identify sites as representing a least-disturbed condition, we developed a series of models
that relate the existing biophysical condition of streams (i.e., the fish, benthos, and instream
habitat) to landscape (i.e., slope, geology, catchment area) and land use/land cover (percent
impervious cover [PIC]). Relationships between indices of biophysical condition and PIC can
be used to “hindcast” or estimate the expected biophysical condition at a variety of land cover
scenarios. The models cannot be used to predict conditions outside the calibration data range,
but this approach does allow us to make use of a disturbance gradient and make predictions
with a minimal number of least-disturbed sites. The difference between the hindcast reference
and present day conditions is an estimate of present-day impacts. Results from this exercise
provided an estimate of the magnitude of impairment of streams in the Canadian portion of
the Lake Ontario region.

INTRODUCTION

Ecological monitoring is required in order to
understand if human-related stressors have un-
due influence on environmental resources. In
aquatic systems, fish and benthic macroin-
vertebrate assemblages are often used as moni-
toring endpoints (Karr and Chu 1999). Data
from reference sites are typically used to judge
the degree of impairment of conditions in “test”
sites that are physically or chemically disturbed
as a result of human activity. Where there are
large differences in biophysical conditions be-
tween reference and test sites, test sites are
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deemed impaired (Environment Canada 1998;
Bailey et al. 2003).

Impact assessments historically involved the
comparison of conditions at one or a few refer-
ence sites, against conditions at the test site
(Green 1979; Environment Canada 1998). No
two locations are perfectly alike, and there can
be large natural differences in biophysical con-
ditions that are confounded with human distur-
bances and thus make an assessment of condition
difficult. The reference condition approach
(RCA) is a generalized sampling design (Hughes
etal. 1986; Hughes 1994; Reynoldson et al. 1997;
Bailey et al. 1998) in which multiple regional
reference locations are sampled. Data from the
reference sites serve two purposes. First, the data
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can be used to model an expected biophysical
condition. Second, the data can be used to bet-
ter characterize the background variability in
biophysical conditions. When effects are shown
to exceed the natural variation observed in re-
gional reference locations, there is greater cause
for concern than if effects exceed the variation
at a single reference location. Reference-condi-
tion-approach models have been developed in
Canada to conduct assessments of benthos as-
semblages in Great Lakes bays (Reynoldson and
Day 1998), the Fraser River basin (Reynoldson
et al. 1997; Reynoldson et al. 2001), and the
Yukon (Bailey et al. 1998). However, the RCA
can also be used to model the expected fish as-
semblage and physico-chemical attributes, so
long as the variables used to predict the expected
condition do not vary with anthropogenic dis-
turbance (Oberdorff et al. 2002; Pont et al. 2005).
The RCA design relies on a relatively large
number (10-100) of relevant reference locations.
Reference sites are variously defined but are typi-
cally considered least- or minimally disturbed
locations. Maude and Di Maio (1996) were able
to develop an RCA model for benthos assem-
blages found in headwater tributaries of the Oak
Ridges Moraine, Ontario. However, within the
larger ecoregion that the moraine influences,
there are 6-7 million people and the area has
been developed for more than 200 years. Current
land use is dominated by urbanization and agri-
culture. Reforested lands are limited and mainly
restricted to headwater areas and riparian corri-
dors. While many stream segments are in reason-
ably good condition, there are few streams that
could truly be classified as unimpaired or mini-
mally disturbed. There are very few minimally
disturbed reference headwater and lower reaches.
It is, therefore, difficult to use the conventional
RCA design in the Ontario tributaries of Lake
Ontario because there are too few sites of any one
size or type to construct predictive models.
Variables used to predict expected conditions
are termed primary or normative (Imhof et al.
1996) variables, which are not easily altered by
humans, measured at the landscape scale, and

presumed to relate to fish, benthos, and physical
features of streams. For example, underlying
surficial geology is a reasonably good predictor
of the kinds of fish found in a stream. Brook trout
and other coldwater fishes are found in streams
where well-drained soils or karst topographies
predominate (Ricker 1932; Seelbach et al. 1997).
The effects that surficial geology has on the re-
ceiving environment quality may, however, be
altered by modifying land cover. Other obvious
primary variables include stream size (Fausch et
al. 1984) and slope (Hughes and Gammon 1987;
Kilgour and Barton 1999).

Our objective is to describe an alternative ap-
proach to defining reference conditions for areas
like the Lake Ontario region. The approach uses
relationships between biophysical response vari-
ables and landscape features including indicators
of human development, such as percent imper-
vious cover (PIC). Relationships with PIC are then
used to back-calculate or hindcast the condition
that is expected to have occurred prior to devel-
opment. Residual noise in the response variable,
unaccounted for by the gradient in PIC or other
natural features is considered to be a measure of
the background variability. That residual variation
is then used to standardize deviations from ex-
pected conditions, such that the degree of impair-
ment is re-expressed in terms of standard
deviations. Re-expressing effects as standard de-
viations puts all variables on a common scale,
facilitating comparison among indices of bio-
physical condition (Kilgour et al. 1998). The gen-
eral approach provides a means of quantifying the
degree of impairment from pre- to postdevelop-
ment for the Lake Ontario region. Others have
used environmental gradients to develop tolerance
indices for fishes and invertebrates (e.g.,
Hilsenhoff 1988; Fore et al. 1996; Whittier and
Hughes 1998), but hindcasting to reference con-
ditions is a new variation on that theme.

METHODS

Fish, benthos, temperature, and instream habi-
tat conditions were characterized at stream sites



Hindcasting Reference Conditions in Streams 3

located on the north shore of Lake Ontario and
draining parts of the Oak Ridges Moraine (Fig-
ure 1). Data were collected between 1995 and
2002 using methods described in the Ontario
stream assessment protocol (Stanfield et al. 1997;
Stanfield and Kilgour 2005, this volume). Ran-
domly selected sites were a minimum of 40 m
long, with boundaries at crossovers (i.e., where
the thalweg is through the middle of the stream).
About half of the total sites sampled during this
period were used to develop the hindcasting
models, while the remainder were used to vali-
date them in a separate exercise (Stanfield and
Kilgour 2005).

Fish assemblage data (721 sites) were collected
by single-pass electrofishing and standardized as
biomass (g/m?*) and richness (number of spe-
cies). Benthic macroinvertebrates were sampled

Figure 1. Study area and sampling sites.

from crossovers using a modified version of the
U.S. Environmental Protection Agency rapid
bioassessment protocol, involving a stationary
kick from an area of about 1 m?, using a screen
with 500-pum mesh to collect the animals.
Benthic macroinvertebrates were live sorted and
identified to major groups (families and orders;
Plafkin et al. 1989). Benthos assemblage data
(583 sites) were used to estimate the Hilsenhoff
biotic index (HBI; Hilsenhoff 1988) with a modi-
fication as described in Stanfield and Kilgour
(2005) and richness (number of major groups).
Additional multivariate metrics of the fish and
benthos assemblages were derived using corre-
spondence analysis (CA; Rohlf 1993). Corre-
spondence analysis is an ordination method that
simultaneously orders sites and taxa in biplots.
Sites close together in the biplots (i.e., similar site



scores) have similar assemblages, while taxa close
together covary. Sites are assigned scores along
each of two axes (in this case), and those scores
were used as multivariate metrics of fish and
macroinvertebrate assemblages.

Instream habitat data (578 sites) were col-
lected using a point-transect survey design as
described in Stanfield et al. (1997). Additional
measures of stream width were obtained from
sites where only one transect was surveyed as part
of discharge measures (622 sites). Water tem-
peratures were recorded between 1600 and 1700
hours, during low-flow conditions (mid-July to
mid-September) when the daily air temperature
exceeded 24°C for three consecutive days. Ob-
served water temperatures were standardized to
an air temperature of 30°C using known rela-
tionships between air and water temperatures
(Stanfield and Kilgour 2005).

Digital mapping was used to estimate (1) the
upstream catchment area (AREA), (2) the slope
of asite (100 m upstream to 100 m downstream;
SLOPE), and base flow index (BFI, Piggott et al.
2002; Stanfield and Kilgour 2005). A percent
impervious cover (PIC) rating of the catchment
was estimated based on the percent cover of a
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catchment as water (0 PIC), natural/forest (1
PIC), pasture (5 PIC), intensive agriculture (10
PIC), and urban (20 PIC). These PIC ratings
were based on a review of observed impervious-
ness values for different land classifications (see
Stanfield and Kilgour 2005), and provide an ap-
proximation to the percentage of the surface
cover that is impermeable to infiltration. The PIC
rating of urban areas, for example, varies between
10 (low intensity housing) and 90 (high inten-
sity industrial areas) (Stanfield and Kilgour
2005). Here, we have assumed that all urban ar-
eas have a PIC rating of 20, reflecting a predomi-
nance of lower intensity development. We
acknowledge that a 20 PIC rating does not ad-
equately reflect the true PIC of all urban areas in
the study area.

Hindcast Modeling

Backward-stepwise multiple regression was used
to construct multiple regression models that re-
lated attributes of fish and benthos assemblages
and instream physical habitat characteristics to
the landscape predictors (Table 1) (see Stanfield
and Kilgour 2005; for details). Not all sites had

Table 1. Regression models relating indices of fish and benthos assemblages, and stream temperature and
width, to percent impervious cover (PIC rating) and landscape variables. Values provided for predictors are
model coefficients. The mean squared error (MSE) and percent of variance explained (R?) are also provided.
Predictors are defined in the text.

Fish assemblage Benthos assemblage Physical
Log,, CA CA CA

Predictor biomass Rich Axis 1 HBI Rich Axis 1 Axis 2 Temp Width
Constant -3.841 -6.582 -1.625 8.68 10.07 16.26 -0.28  43.84 -0.455
Area 1.866 -0.42 -3.40 -7.977
Area® -0.125 0.189 0.19 0.635  0.030
Slope -0.243  -0.17 -0.20 -1.813  -0.066
Slope? 0.027 0.181
BFI -0.016 -0.017 -0.077  -0.011 -0.028
BFI? <-0.001 0.0007 -0.001  <0.001
PIC -0.066  0.619 0476  0.092 0.042 0.102  0.885
PIC? -0.035 -0.016 -0.008 -0.003  0.001
MSE 0.215 5.895 0.804 0.653  4.842 0.760  0.827 10.177  0.491
R? 0.185 0.372 0.394 0.306 0.08 0.255 0.180  0.299 0.607
n 361 361 361 332 332 332 332 385 373

Notes: BFI = base flow index, MSE = mean squared error, n = number of sites, Rich = richness or number of taxa, HBI = Hilsenhoff biotic
index, Temp = temperature, CA = Correspondence Analysis, and PIC = percent impervious cover rating.



Hindcasting Reference Conditions in Streams 5

all biophysical data collected, so each model was
constructed for a unique set of sites. Only those
biological variables for which PIC was a signifi-
cant predictor were used for hindcasting expected
historical conditions (Figure 2). Models were
developed for the log,, of fish assemblage biom-
ass, fish assemblage richness, site scores for the
first axis from a CA of the fish assemblage data
(fish CA Axis 1), Hilsenhoff biotic index, benthos
assemblage richness, site scores for the first two
axes from CA of the benthos assemblage
(benthos CA Axes 1 and 2), water temperature,
and average stream width. Predictors included
catchment area, slope, base flow index and PIC.
The squared term for each predictor was also
included in the models in an attempt to explain
curvilinear relationships. Predictors were re-
tained in models if they explained a significant
amount of variation in the response variables (at
p <0.05).

Model relationships (Table 1) were used to
estimate the value of the various biophysical in-
dices for expected reference conditions assum-
ing an overall PIC of 1 (i.e., 100% forest cover;
Table 2; Figure 2). As per Table 2, model coeffi-
cients for significant predictors were multiplied
by the individual site conditions. The sum of the

products of model coefficients and site condi-
tions provided the expected condition (i.e., 3.10
in Table 2). The difference between present day
values of biophysical indices and the hindcast
condition (0.76 in Table 2), was used to assess
the level of disturbance. Deviations from ex-
pected can be expressed in terms of the original
units of measurement (e.g., g/100 m* or num-
ber of taxa), but results between different indi-
ces can be difficult to compare. Alternatively,
expressing deviations relative to background
variability puts indices on a common scale (i.e.,
standard deviations, Kilgour et al. 1998; Figure
2). With each of the constructed models, unex-
plained residual variation (i.e., the mean squared
error or MSE) included measurement error and
unexplained noise or natural variation among
sites that is unrelated to landscape features (Fig-
ure 2). The square root of the MSE term (0.215
in Table 2) is an estimate of the among-sites stan-
dard deviation. That is, after taking into account
the primary features (area, slope, BFI) and PIC
rating, the MSE provides an estimate of the
among-sites variation. The MSE can, therefore,
be used to re-express deviations in terms of the
background variability (Figure 2) and facilitate
comparison of deviations among different

Residual error a b
better = background noise better
T T Better than
Expected
Expected/ . o o o
Hindcast s ° o
Condition for & Y. 3 P @
100% forest -8 ) -g 00 © o Poorer than
- - o Expected
o o]
2 9
D (o))
el e} Deviation Expressed in
o K Standard Deviations
o o
poorerf poorer$

Measure of Development

100% .
(Landcover /Imperviousness)

Forest?

Measure of Development

100% 0
(Landcover/Imperviousness)
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Figure 2. Conceptual illustration of (a) the hindcasting modeling approach, and (b) how the biophysical
condition of sites is assessed relative to a hindcast or predicted historical condition. Based on the model in (a),
the expected range of values is as shown in (a). Differences between what is predicted and what was observed
is expressed relative to the unexplained variability (i.e., as standard deviations in (b)).
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Table 2. Example calculations for hindcasting using the model for log,, of fish biomass (g/100 m?) at a site in
Wilmot Creek. BFI = base flow index; PIC = percent impervious cover rating.

Model parameters Model coefficients Site conditions Result

Constant -3.84 1 -3.84

Log,, area 1.87 7.41 13.86

Log;, area’ -0.125 54.8 -6.85

Slope 0 0.49 0

Slope? 0 0.24 0

BFI -0.0001 51.8 -0.0052

BFI? 0 2684 0

PIC -0.066 1 -0.066

PIC? 0 0 0

Hindcast (estimated) log, , fish biomass (a) 3.10

Observed (present-day) log,, fish biomass (b) 2.34

Difference (c) (a) = (b) 0.76

MSE 0.215

()

Difference re-expressed in units of standardized deviation (SDs) — 1.64
\ MSE

biological indicators. In the example, the differ- RESULTS

ence (0.76 g/100 m?*) between present day (2.34
¢/100 m?) and hindcast (3.10 g/100 m?) fish bio-
mass, re-expressed relative to the unexplained
variation (MSE = 0.215) was 1.64 standard de-
viations (Table 2). These reexpressed deviations
are termed effect sizes (e.g., Kilgour et al. 1998).
Deviations from the expected hindcast refer-
ence condition were expressed relative to the es-
timated standard deviation for the nine variables
for which PIC rating was a significant predictor
(Table 1). Fish and benthos assemblages were
classified as being in (1) unimpaired when ef-
fects were within the expected range of hindcast
conditions (i.e., within + 2 SDs of the predicted
mean value), (2) likely impaired when effects
were between 2 and 3 SDs from the predicted
mean and when the effect was in a “poorer” di-
rection (e.g., reduction in richness or biomass),
(3) impaired when effects exceeded 3 SDs and
the effect was in a poorer direction, and (4) un-
impaired when effects exceeded 2 SDs and were
in a “better” direction (e.g., increase in richness
or biomass). Sites were classified separately for
each fish and benthos assemblage index, and
measures of stream temperature and width.

The streams used in this study represented a broad
assortment of typical wadeable streams in south-
ern Ontario. Catchment areas varied from 2 to
90,000 ha (average of 4,500 ha), and in slope from
0% to 25% (average of 2%). Catchment land cover
varied from 0 to 98% forest, from 0% to 100%
urban, and from 0% to 100% agriculture. Fish and
benthos assemblages included those representa-
tive of both high and low habitat quality.

Fish Assemblages

Present-day biomass of the fish assemblage var-
ied from 1 to 7,000 g/100 m?* (average of 540 g/
100 m?), while the number of species varied be-
tween 1 and 15 (average of 6) per site. Corre-
spondence Analysis (CA) Axis 1 separated
coldwater salmonid assemblages (low Axis 1
scores) from warmwater cyprinid and
centrarchid assemblages (high Axis 1 scores; Fig-
ure 3A). The hindcasting regression models
(Table 1) were used to predict Axis 1 scores, bio-
mass and richness of the fish assemblage assum-
ing 100% forest cover. The expected fish
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Figure 3. Correspondence analysis (CA) taxa scores (a) for the current fish assemblage, and site scores ob-

served currently and hindcast (b). BST = brook stickleback Culaea inconstans; CHS =
fantail darter Etheostoma flabelare; COS = coho salmon O. kisutch; LAM

Oncorhynchus tshawytscha; FTD =

Chinook salmon

= lamprey family Petromyzontidae; NRBD = northern redbelly dace Phoxinus eos; ROB = rock bass Ambloplites
rupestris; RBD = rainbow darter Etheostoma caeruleum; PKS = pumpkinseed Lepomis gibbosus; BNM =

bluntnose minnow Pimephales notatus; CSH = common shiner Luxilus cornutus; FHM =

fathead minnow P

promelas; BKT = brook trout Salvelinus fontinalis; JOD = Johnny darter Etheostoma nigrum; BNT = brown
trout Salmo trutta; LND = longnose dace Rhinichthys cataractae; RBT = rainbow trout O. mykiss; SCU =

sculpin family Cottidae; CRC =

creek chub Semotilus atromaculatus; WS =

white sucker Catostomus

commersonii; BND = eastern blacknose dace Rhynichthys atratulus.

assemblage for most sites in the dataset was cold-
/coolwater, consisting principally of salmonids
and sculpins (Figure 3B). Hindcast biomass of
fish assemblages varied between 6 and 1,000 g/
100 m? (average of 600) that was generally higher

w
|

Log Biomass
N
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|

than was observed with the present-day data
(Figure 4A). Hindcasting models predicted be-
tween 0 and 9 fish species (average of 4) per site,
which was lower than the present-day condition
of most sites (Figure 4B). Effects on the fish
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Figure 4. Present and hindcast conditions for the log of fish assemblage biomass (a) and number of taxa (b).
In the box plots, the center horizontal line marks the median of observations; the box shows the range within
which the central 50% of the values fall, while the whiskers illustrate the data range.
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assemblage were most evident with the multi-
variate descriptor (CA Axis 1), with effect sizes
at most sites in the study area more than 2 SDs
from the expected hindcast condition (Figure 5).
Present day biomass and richness of the fish as-
semblages were generally within + 2SDs of the
hindcast conditions (Figure 5). Fish assemblages
within the immediate vicinity of Toronto
(Humber, Don, Credit) and immediately east
(Lynde, Oshawa) were mostly impaired, while
those further to the east and south in the more
agrarian catchments were generally in good con-
dition (Figure 6C).

Benthos Assemblage

Benthos taxa richness varied between 1 and 17
(average of 10) per site, while the HBI varied
between 3 and 8 (average 5.4). Low Axis 1 and 2
scores were coincident with benthos assemblages
comprised of more sensitive groups such as may-
flies (Ephemeroptera), caddisflies (Trichoptera),
and stoneflies (Plecoptera), while higher Axis 1
and 2 scores were coincident with benthos as-
semblages more typically associated with

Standard Deviations
I
|
I

|
w
|
XN
*

|
(6}
|
—o co *
I

T
Rich CAT

Figure 5. Standardized effect sizes for log of fish as-
semblage biomass, number of taxa, and CA Axis 1
scores. In the box plots, the center horizontal line marks
the median of observations, the box shows the range
within which the central 50% of the values fall, while
the whiskers illustrate the data range.

Biomass

degraded conditions (i.e., Oligochaeta, Chirono-
midae, Isopoda; Figure 7A). Based on the
hindcasting models, benthos assemblages have
changed from sensitive to tolerant assemblages
(Figure 7B). Those changes were reflected in

(9)

Figure 6. Spatial distribution of southern Ontario sam-
pling sites and the estimated condition for log of fish
biomass (a), number of fish species (b), and CA Axis 1

scores.
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Figure 7. Correspondence analysis (CA) taxa scores
observed currently and hindcast (b).

significant shifts in the HBI and greater varia-
tion in richness of the benthos assemblage (Fig-
ure 8). The hindcast condition for the HBI was
predicted to range between 3.2 and 5.9 with an
average of 4.8, which is about half a unit lower
than the present-day condition (Figure 8). Ef-
fects were also more evident with the multivari-
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(a) for the current benthos assemblage and site scores

ate metrics of the benthos assemblage (i.e., CA
Axes 1 and 2) and the HBI than they were with
richness (Figure 9). Effects were not as evident
with the benthos assemblage as they were with
the fish assemblage, and streams in the Toronto
area were not shown to be as degraded using
benthos as they were with fish (Figure 10).
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Figure 8. Present and hindcast conditions for the Hilsenhoff biotic index (a) and number of taxa (b). In the box
plots, the center horizontal line marks the median of observations; the box shows the range within which the
central 50% of the values fall, while the whiskers illustrate the data range.
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Figure 9. Standardized effect sizes for the Hilsenhoff
biotic index, number of taxa, and CA Axis 1 and 2
scores. In the box plots, the center horizontal line marks
the median of observations; the box shows the range
within which the central 50% of the values fall, while
the whiskers illustrate the data range.

(b)

Stream Temperature and Width

Present-day standardized stream temperature
varied between 9°C and 33°C (average of 21°C),
while historical temperatures were predicted to
be lower and varied between 12°C and 25°C (av-
erage 17°C; Figure 11). Average stream widths
varied between 0.4 and 11.5 m (average 4.3 m),
while historically, streams were predicted to be
narrower with widths varying between 0.1 and
9 m (average 1.1 m; Figure 11). The estimated
changes in stream temperatures and widths were
not large when expressed relative to the back-
ground noise in each of the two variables, with
few effects exceeding 2 SDs from the hindcast
condition (Figure 12). As with the benthos as-
semblage data, spatial trends in effects on width
and temperature were not evident (Figure 13).

(d)

Figure 10. Spatial distribution of southern Ontario sampling sites and the estimated condition for the Hilsenhoff
biotic index (a), number of taxa (b), and CA Axis 1 and 2 scores (c, d).
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Figure 11. Present and hindcast conditions for maximum stream temperature standardized to an air tempera-
ture of 30°C (a) and average stream width (m) (b). In the box plots, the center horizontal line marks the median
of observations; the box shows the range within which the central 50% of the values fall, while the whiskers

illustrate the data range.

DISCUSSION

We have demonstrated how to hindcast histori-
cal expected conditions based on models that
relate instream biophysical conditions to land
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Figure 12. Standardized effect sizes for maximum
stream temperature standardized to an air tempera-
ture of 30°C and average stream width. In the box
plots, the center horizontal line marks the median of
observations; the box shows the range within which
the central 50% of the values fall, while the whiskers
illustrate the data range.

use/land cover with the PIC rating, and then how
to assess present-day conditions. We demon-
strated significant shifts in biophysical conditions
in the study area, with fish and benthos assem-
blages shifting from sensitive coldwater taxa to-
ward tolerant warmwater taxa. The assessments
based on this hindcasting approach are conser-
vative in potentially underestimating the true
degree of impairment, and they reflect our un-
derstanding of how the streams in the study area
have changed over time. Others (e.g., Martin
1984; Steedman 1988; Wichert 1994) have dem-
onstrated impairment in fish assemblages in the
greater Toronto area and have related indices of
composition to measures of urbanization and
agriculture. The hindcasting approach, however,
provides an objective measure of the degree or
magnitude of changes from presumed histori-
cal undeveloped periods. No previous studies
have attempted to conduct a hindcast assessment
of this study area, although Van Sickle et al.
(2004) used hindcasting models to demonstrate
fundamental historical changes in Willamette
Valley, Oregon streams.

There are several caveats when using hindcast
models in assessments. First, we assumed that
the reference condition was represented or
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(a)

(b)

Figure 13. Spatial distribution of southern Ontario sampling sites and the estimated condition for maximum
stream temperature standardized to an air temperature of 30°C (a) and average stream width (b).

characterized by 100% forest cover (1 PIC rat-
ing). Forest cover was set to 100% purposely to
demonstrate the full extent of potential impair-
ment that could have occurred at each of the sites
in the dataset. Assessments based on other land
cover targets are obviously possible.

Second, caution is necessary in hindcasting
outside the calibration range. For example, if
there are no minimally disturbed reference sites
for larger reaches, then hindcasting to a pristine
condition for large reaches is not recommended.
In this study, there were at least a few sites in
headwater catchments with 100% forest cover,
which technically allowed us to hindcast to that
level of forest cover. We did not observe 100%
forest cover in larger streams near Lake Ontario,
so hindcasting to 100% forest cover for larger
reaches should only be done with caution.

Third, although we demonstrated that it is
possible to hindcast an historical condition, we
have not validated the predictions. It would be
useful to demonstrate this approach using sites
for which there are both present-day and histori-
cal reference data. That, however, is not possible
for this study area for the following reasons. First
there are no quantitative preEuropean settlement
data. The entire landscape was clear-cut soon
after European settlement in the area, and At-
lantic salmon Salmo salar was locally extirpated

partially as a result. Loss of such a keystone spe-
cies ensures that current fish assemblages are
fundamentally different from historic ones
(Gresh et al. 2000; Stanfield and Jones 2003).

Fourth, the chronological sequence of land
use changes on the landscape was not unidirec-
tional. That is, while much of the study area was
clear-cutin the 1800 s and early 1900s, some pre-
viously agricultural areas have recovered to a for-
ested condition. Some of the unexplained
variation in the models may be due to the differ-
ential rates and direction of land use changes, as
well as ghost effects from past land uses (Harding
et al. 1998). Incorporation of the chronology of
events (if it can be determined) could improve
the predictive power of relationships.

Fifth, hindcasting is only as good as the vari-
ables on which the hindcasting is based. In this
demonstration it was assumed that PIC rating
was the principle driving measure of effects in
the study area. There is good reason to make that
assumption considering the number of studies
demonstrating effects related to PIC (Stanfield
and Kilgour 2005). In the event that other vari-
ables override the effects of PIC (e.g., point
source discharges, migration barriers), the
hindcast models and associated predictions of
historical conditions and present-day assess-
ments will not apply. One concern with using
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PIC rating in this study was the tendency for PIC
to be naturally correlated with underlying
surficial geology, and thus the base flow index.
In this study area, urban development tended to
occur on clay-till plains close to Lake Ontario,
while agriculture and forest cover tended to be
more prevalent on higher sand/gravel morainal
deposits (Figure 1). Stanfield and Kilgour (2005)
and Stanfield et al. (2005, this volume) demon-
strated that PIC rating was able to account for
significant amounts of variability in biophysical
responses, through a process of partial regres-
sions. The modeling conducted here has assumed
that PIC rating effects overrode effects related
to variations in surficial geology.

The strength of the relationship between the
hindcasting and response variables is of little
concern. Either the predictor variable explains
significant amounts of variation in the response
variable or not. When the predictor (PIC rating)
explains a large amount of variation in the pre-
dictor, then the background range of natural
variability will be a smaller range than when the
predictors explain less variability in the response
variable. Comparison of test sites to the normal
range of variability follows the same process,
whether the range is considered small or large.
Through exploratory analyses, we found that the
percent of variance explained in response vari-
ables was increased if models were developed for
smaller portions of the overall study area, and
therefore recommend the construction of mod-
els for smaller study areas when the data are avail-
able. The models constructed for the larger study
area, however, provide information useful for
screening assessments. That is, where indices of
composition or habitat features exceed the nor-
mal range of hindcast conditions based on large-
scale models, there is good certainty that effects
are significant and deserve consideration. In con-
trast, not exceeding normal ranges based on
large-scale models does not imply effects are not
large or important. Also Riseng et al. (2005, this
volume) found that large-scale data sets offered
more sensitive models than smaller scale data sets

because the former included more minimally
disturbed sites.

Finally, despite concerns over confounding,
the observed effects developed by the hindcasting
models were modest compared to what was an-
ticipated. Streams in the Toronto area are con-
sidered highly degraded (Wichert 1994), and
larger effects were anticipated. The models used
here were derived from a large area and thus rep-
resented regional relationships. Subsequent
modeling and analyses may demonstrate that
subsets of models for smaller study areas further
reduces unexplained variability in biophysical
conditions and thus increases our ability to de-
tect effects relative to unexplained variability.
Riseng et al. (2005) found that smaller scale
models were better able to incorporate local ef-
fects from dams and point source discharges. Our
regional models provide a set of numeric bio-
physical criteria that can be used to assess the
level of degradation. More subtle effects might
be discernible with more local models, but ef-
fects documented using our regional models
deserve management consideration. The noise
associated with these regional models may par-
tially explain why standardized effects on stream
temperatures and widths were small, even
though effects in terms of the original units of
measurement were quite significant. Stream tem-
peratures, for example, increased from an ex-
pected average of 17°C to a present-day average
of 21°C. Differences of 4°C can substantially al-
ter production of salmonids and invertebrate
assemblages (Bisson and Davis 1976; Hughes and
Davis 1986). When re-expressed in units of stan-
dard deviations, that difference (4°C) was just
greater than 1, which is not a large statistical dif-
ference. Further stratification of the database to
account for regional differences might make the
assessment of effects on temperature, width, and
other response variables more sensitive.

Benthos assemblage data and measures of
stream temperature and width were relatively
insensitive. Our method of sampling the benthos
assemblage, however, was a fairly coarse tool,
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principally recommended for use in rapid
screenings of problem areas (Plafkin et al. 1989).
Had the benthos assemblage been sampled more
thoroughly and had more individuals been
counted to lower taxonomic levels, greater effects
would likely have been observed (Furse et al.
1984; Wright et al. 1995; Cao et al. 2002). The
protocols for measuring stream width and tem-
perature were fairly standard (and rigorous), so
the lack of effects was probably a function of lo-
cal factors such as groundwater inputs, shading,
and adjacent land use being important. Gregory
et al. (1991) emphasized that riparian trees are
critical for shading small streams and for pro-
viding habitat structure.

In this analysis, we did not evaluate the statis-
tical significance of differences from hindcast to
present-day conditions. Rather, we visually ex-
amined the differences between expected
hindcast and present-day conditions, expressed
relative to the unexplained noise in the response
variables. Effects expressed in terms of standard
deviations are becoming a popular means of ar-
ticulating the potential ecological significance of
an effect (Lowell 1997; Kilgour et al. 1998). In
the reference-condition approach, the compari-
son of one sample from one site to a set of refer-
ence samples from a number of sites can be
analyzed as a typical two-sample contrast or -
test, though some (e.g., Kilgour et al. 1998) have
argued it should be a one-sample contrast based
on comparison to noncentral tor F-distributions.
Sample sizes were very high in this study (500+)
resulting in very high statistical power. Any site
with an effect exceeding 2 SDs would very likely
differ significantly from the hindcast reference
condition. For the purpose of this manuscript,
therefore, specific testing of statistical signifi-
cance was not considered critical. Quantifying
the magnitude of effects was, however, consid-
ered more informative.

Our analysis confirms that the biophysical
condition of tributaries on the north shore of
Lake Ontario varies with the amount of devel-
opment in the region. Here, a measure of hu-
man development (percent impervious cover,

PIC rating) was used to hindcast to expected ref-
erence conditions. By expressing deviations from
the expected hindcast condition relative to the
unexplained residual variability (as in a standard
deviation), deviations in all biophysical variables
are expressed on a common scale and can thus
be easily compared.
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