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Assessing stream condition is a foundation of adaptive management. But, summarizing stream condition in
ways that smooth over the variance that is inherent within a watershed may lead to erroneous conclusions
about its condition. This study compared stream condition summarized at a variety of spatial scales from seg-
ments to tertiary watersheds in order to evaluate the effect of summarization procedures on map interpreta-
tion. Sites were classified as to their degree of impairment from a reference state; a rank sum approach based
on the length of stream sampled and simple scoring criteria (e.g., scores b50=F) was used to grade each
reporting area. This study determined that scaling effects, choice of mapping thresholds and the size of
reporting areas all affect the interpretation of results. Larger reporting areas were generally ranked lower;
the source of this tendency is that larger stream segments are generally in a more degraded condition.
There was a good correlation between predicted and observed stream segment condition, which indicates
that the segment scale is the most reliable and informative of the reporting units tested. Providing catego-
rized site conditions and confidence rankings on all larger scale maps offers a partial solution to these chal-
lenges. Where multiple sites collected on one segment were available, dramatic changes in condition indicate
potential areas for restoration. This study confirmed the incremental nature of stream degradation associated
with intensive land use, and demonstrated how inclusion of anything but the smallest units of stream area
and confidence rankings in the results can generate biased interpretations of stream condition.

Crown Copyright © 2012 Published by Elsevier B.V. on behalf of International Association for Great Lakes
Research. All rights reserved.
Introduction

Effectively managing the fisheries and other values of the Great
Lakes basin requires an ecosystem approach that incorporates tar-
geted protection, mitigation and restoration of tributary habitats
(GLFC, 2007). Implementation requires a multidisciplinary and hier-
archical approach to address issues at the appropriate scale (Fausch
et al., 2002; NRC, 1992). Understanding and communicating the in-
terrelationships of factors that influence the hierarchical nature of
ecosystems and how reporting area boundaries influence ecosystem
indicators have always been a major focus of ecology (Bailey et al.,
2007; Levin, 1992; MacArthur, 1972; Meentemeyer, 1989; Wu and
Li, 2006; Wu and Loucks, 1995). Effective linkages between ecosys-
tem restoration strategies and ecosystem understanding require
studies that use response metrics that are important to the decision
makers, are sensitive to the predictor variables and ecological pro-
cesses under examination, and capture scaling effects (Bailey et al.,
2007; Lewis et al., 1996; O'Neill et al., 1988; Wu and Hobbs, 2002).
Providing this context to decision makers has been hampered by
12 Published by Elsevier B.V. on beh
the complexity of issues relating to the statistical properties of met-
rics and the implications from the first law of geography: “Everything
is related to everything else, but near things are more related than
distant things” sensu Tobler, 1970, that is the foundation of the laws
of spatial autocorrelation (Wu, 2004).

Ecologists are beginning to understand how patterns in ecosystem
response to human induced disturbances break down as the scale of
measurement changes. Reasons for the break down include, but are
not limited to the following: statistical properties associated with
spatial patterns (Fortin and Dale, 2005); smoothing effects in attri-
bute properties that occur as the habitat unit size changes (Jelinski
and Wu, 1996; Schumm and Lichy, 1965; Wu and Li, 2006); and dif-
ferences in the variance properties of an attribute that occur over
time and as habitat unit size changes (Dungan et al., 2002; Fortin
and Dale 2005). Wu (1999, 2004) suggests that landscape attributes
that possess hierarchical structure, be it structural or functional,
form multiple hierarchies in the same landscape that may not corre-
spond to each other precisely, in terms of spatial and temporal scales.
Terrestrial ecologists are making tremendous progress in quantifying
and thereby understanding how scaling effects (proximity — study
extent etc.) and hierarchical structure influence the processes that af-
fect terrestrial habitats, (Fortin and Dale 2005; Legendre and
Legendre, 1998; Wu and Li, 2006). The result is that studies now
alf of International Association for Great Lakes Research. All rights reserved.
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routinely identify the appropriate scale at which to report terrestrial
processes (e.g., Allen et al., 1984; Fisher et al., 1998; Jelinski and
Wu, 1996; O'Neill et al., 1996; Wu, 1999, 2004). Terrestrial ecologists
are embracing a new paradigm, “hierarchical patch dynamics”, that of-
fers a framework for explicitly incorporating heterogeneity and scale,
and for integrating equilibrium, multiple equilibrium and nonequili-
brium perspectives (Wu and Loucks, 1995). Since rivers are a mirror
of their watersheds (Schlosser, 1991), the challenge to riverine ecolo-
gists is to sort out the dual effects of the hierarchical influences from
the river network (longitudinal) and the residual horizontal scaling in-
fluences of the remaining terrestrial habitats.

A variety of primary variables (climate, geology, glacial history,
etc.) operate in interconnected ways to influence stream habitats in
a hierarchical nature (Dunne and Leopold, 1978; Fausch et al., 2002;
Frissell et al., 1986; Hynes, 1970; Imhof et al., 1996; Schlosser, 1991;
Seelbach et al., 1997; Vannote et al., 1980; Wiley et al., 1997). These
factors operate in similar ways for both terrestrial and aquatic habi-
tats and as such, classification schemes such as those produced by
Maxwell et al. (1995) have been widely applied by both terrestrial
and aquatic ecologists (see Jensen and Bourgeron, 1995). Unfortu-
nately, because of their nested hierarchy and inherent variability,
classification of riverine systems has required another level of complex-
ity to elucidate how scaling effects influence the processes and commu-
nities of these ecosystems (Frissell et al., 1986; Seelbach et al., 1997;
Vannote et al., 1980). In summary, geomorphic and climatic processes
influence stream habitat units differentially in a hierarchy from ecore-
gion towatershed, to reach, to site, to amicrohabitat unit. There is an in-
timate connection between the processes, the landscape and the river
network. Natural (weather and geomorphology) and human distur-
bances also interact with these processes differentially, depending on
the nature of the disturbance to habitats, the sensitivity of the habitat
unit to each disturbance (see Hynes (1970) for point source impacts
andDunne and Leopold (1978) for landscape impacts), and the potential
residual hierarchical influences of upland habitats. Given this complexi-
ty, it is not surprising that at present there is a poor understanding of
how both the spatial and hierarchical scaling factors combine to influ-
ence the expression of streammetrics, yet this is critical to implementa-
tion of stream restorations. Wu (2004) refers to this problem as spatial
transmutation, or the tendency for the inappropriate extrapolation of
statistical relationships from one scale to another. This is of concern to
restoration ecologists because, if metrics used to study patterns respond
differently depending on underlying scaling factors, then efforts to direct
restoration to specific habitats based on this analysis could lead to project
failures. Further, conservation organizations routinely use GIS to report
on ecosystem condition at a variety of spatial scales (watershed to ecor-
egion) for the purposes of engaging/enraging citizens and to help with
priority setting for restoration activities. Without a good understanding
of the implications from spatial transmutation, there is high potential
for inappropriate conclusions being drawn on the condition of various
sized reporting areas from field data. However, it has yet to be demon-
strated how habitat unit size and the distribution of data influence mea-
sures of, or map interpretations of stream conditions. This has the
potential to influence policy/restoration decisions.

The present study builds on the efforts of Kilgour and Stanfield
(2006) and Stanfield and Kilgour (2006) where a process for catego-
rizing stream site conditions was developed. However, they did not
attempt to summarize the condition of streams in reporting areas
typically used by resource agencies (catchments, watersheds), evalu-
ate the spatial patterns in the data, or test the accuracy of predictions
to the segment data as defined in their landscape datasets.

Therefore, the objectives of this paper are to:

1. conduct a regional assessment of streams draining into the Canadi-
an side of Lake Ontario and use this data to explore how patterns
might be useful for directing efforts to reverse the creeping crisis
of habitat loss in Canada, as recommended by Pearse et al. (1985);
2. illustrate how reporting data at varying scales can influence per-
spective on the overall state of the rivers. The intent is to evaluate
how perspective changes when spatially extensive datasets are
summarized at various reporting scales and to demonstrate how
GIS mapping approaches can facilitate a consistent means of inter-
preting/reporting data at multiple scales to reveal the inherent
limitations in the data; and

3. evaluate the reliability of landscape model predictions of stream
segment condition by comparing results to field data. Wang et al.
(2006) identified this need as an important step to validate the
segment as the primary reporting unit for streams.

Methods

The study area covers streams located on the north shore of LakeOn-
tario (Fig. 1). Two physiographic features, the Oak Ridges Moraine and
the Niagara Escarpment, dominate this area and influence the genera-
tion of both natural and development spatial patterns in the area. The
extensive deep deposits consisting mostly of sands and gravels of the
moraine, and the fractured and karst nature of the escarpment, provide
large volumes of groundwater discharge to the streams that originate
from them. These features as well as settlement patterns generate
both a south to north and a west to east gradient of development
(Stanfield and Jackson, 2011) in the study area. Most forested areas
are located on top of the moraine and escarpment, along the river val-
leys and remnant wetlands; low intensity agriculture dominates the ta-
blelands; and urban areas are predominant in proximity to LakeOntario
and in the west-central part of the study area. The interaction of the
physiographic features and the intertwined land use gradient bring
about a gradient in the stream conditions, whereby streams in northern
areas tend to have lowerwater temperatures that gradually increase to-
ward the river mouths (see Stanfield and Kilgour, 2006).

Streams in this region have a relatively diverse fish assemblage that
can range from cold-water intolerant communities of brook trout (Salve-
linus fontinalis) and slimy sculpin (Cottus cognatus), to tolerant and
warm water assemblages that contain species such as common shiner
(Luxinus cornutus) and fathead minnows (Pimephales promelas). Addi-
tionally, these streams now contain a variety of naturalized non-native
salmonids: rainbow trout (Onchorhynchus mykiss), chinook salmon
(Oncorhynchus tshawytscha), coho salmon, (Oncorhynchus kisutch) and
brown trout (Salmo trutta).

Developing a fish assemblage metric

Single pass electrofishing survey data are reported from 704 sites
that were mostly randomly selected. Sites were typically 40–60 m in
length, beginning and ending at a crossover in order to minimize dif-
ferences in habitats sampled between sites (Stanfield, 2007). A fish
assemblage metric was calculated for each site using canonical corre-
spondence analysis (CA) from biomass data collected between 1995
and 2002 using single pass electrofishing. In two cases, species were
inconsistently identified, mottled sculpin (Cottus bairdi) and slimy
sculpin (Cottus cognatus), and American brook lamprey (Lampetra ap-
pendix) and sea lamprey (Petromyzon marinus). These data were com-
bined for the analysis. Sites where no fish were captured and species
found at b5% of sites were not included in the analysis.

The CA axis scores for the log densities of each species generate a
synthetic score for each site that reflects the contrast in fish assemblage
composition across sites for the study area. Calculation of site and taxa
scores on the first ordination axis was performed by iteratively estimat-
ing theweighted-average sample scores and theweighted average taxa
scores. Sample scores in CA are usually scaled to a mean of zero and
standard deviation of 1 (ter Braak, 1992). A gradient in the fish assem-
blages along the CA axis 1 scores emerged by plotting the CA axis scores
for the site of themaximumbiomass for each species. Cold-water sensi-
tive taxa were located on the extreme left side of the correlation (high



Fig. 1. Relationship between landscape and fish assemblage composition as determined through Canonical Correspondence Analysis (CCA). Re-printed with permission and species
acronyms are defined in Table 6 Stanfield and Kilgour (2006). Por = porosity of soils; str = stream; PIC is analogous to LDI; BFI = baseflow index.
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negative scores) and siteswithwarmwater tolerant specieswere found
on the extreme right side (high positive numbers) (Fig. 1). For the re-
mainder of the paper the CA axis 1 fish assemblage is referred to as
the shortened “fish assemblage metric”.

Catchment boundaries, slope, drainage area and proportions of
basin land use and surficial geology for each site's catchment were de-
termined using Arc-hydro (v1.1 for ArcGIS 9.0) (Maidment, 2002) and
ArcGIS. Surficial geology was attributed for each site and converted to
a baseflow index (BFI) using a summed rank percentile approach
(Piggott et al., 2002). Slope for each site was determined over a 200 m
length of stream, centered at each site. Kilgour and Stanfield (2006) cre-
ated a landscape disturbance index referred to as percent impervious
cover (PIC), to provide a single metric of the overall land cover in a
catchment that reflects forested, agriculture and urban lands. The PIC
was calculated by using a summed ranking of the land cover data
(land cover 28, OMNR, 1999) with the following rankings: urban
(0.2), intensive agriculture (0.1), rangeland (0.05), forest (0.01) and
water (0). Each of the landscape variables represents predictor variables
for subsequent model development designed to evaluate the deviation
from a “reference” condition.

A general linear model to predict the fish assemblagemetric was de-
veloped from the catchment area, slope, PIC and BFI, and the squared
terms of each predictor variable (to account for potential curvilinear re-
lationships). Themodel confirmed a threshold response at PIC ratings of
8–10 and a linear response below this threshold (Table 1). Because is-
sues of autocorrelation can confound these types of models, Stanfield
and Kilgour (2006) confirmed the significance of themodels by evaluat-
ing the PIC effect on the residuals of the model after accounting for the
primary landscape variables (BFI and slope). The absence of catchment
Table 1
Mean sum of the error (MSE) terms and model coefficients for the fish assemblage
metric (CA axis 1) (from Stanfield and Kilgour in, 2006). Numbers in parentheses
indicate the values for 2 and 3 standard deviations used to assess site condition.

MSE (2SD/3SD) Constant slope slope2 BFIa PICb PIC2

0.8 (1.8/2.7) −1.63 −0.24 0.03 −0.02 0.48 −0.02

a Baseflow Index.
b Percent Impervious Cover.
area in the fish assemblage model is likely a reflection of the strong cor-
relation of slope and catchment area in this dataset (see Axis 2 of Fig. 1).
Finally, the relationship between the observed and predicted fish as-
semblage metric was similar for both the calibration and validation
data sets, thereby providing further support that the model was robust.

Evaluating the state of the fish assemblage metric

The condition (degree of impairment) at each site is determined by
comparing the observed state to a hindcasted predicted reference condi-
tion based on the GLM. This technique provides a benchmark reference
state for landscapes where truly reference conditions for all types of
streamsdo not exist. This approachhindcasts thefish assemblagemetric
values for each site by applying the sum of the products of model coef-
ficients and site landscape conditions, after setting forest cover to 100%
(PIC=1). For each of the 704 sites where fish were caught, the differ-
ence from hindcasted condition was calculated and compared to the
standard deviations (the square root of theMSE, 0.8 in Table 1) observed
from the model. This analysis was feasible due to the tight relationship
of the GLM predicted verses observed CA scores (MSE=0.804).

Following Kilgour et al. (1998) the condition of each site was deter-
mined by subtracting the differences in observed from predicted condi-
tions. With this analysis, sites with observed fish assemblages within 2
SD in either direction of the predicted mean reference condition (i.e.,
b95%) are considered unimpaired, sites within 2–3 SD (>95% but
b99%) are likely impaired and sites >3 SD are considered impaired.
Sites with current conditions that are better than predicted in the refer-
ence state by >2 SD are categorized as “better than expected”; no sites
in this dataset met this criteria. In this manner, regardless of catchment
primary conditions, a standardizedmeasure of site conditionwas calcu-
lated. For example, a site with a fish assemblage value of 4.7 and hind-
casted community of 1.9 deviates by a score of 2.8. This site is
impaired because the difference is greater than 3 SD (2.7) from the
mean relationship, for sites with similar BFI and slope.

Translating site condition to a landscape perspective

The reporting process is applied to several spatial units typically
used by Canadian managers to report on broader landscape conditions.



Table 2
Decision criteria used to classify confidence ratings in each segment.

Number of
sites/segment

Site classifications
(summary of site ranking by reporting areaa)

Proposed
confidence rating

1 – Low
2 2 identical Medium
2 2 different Low
3 3 identical High
3 2 identical, one site differs by 1 category Medium
3 2 identical, one differs by 2+ categories Low
3 All different Low
4 4 identical High
4 3 identical, one site class differs by 1 category High
4 3 identical, one site class differs by 2+

categories
Medium

4 Even split (2 site class categories observed) Low
4 3 categories observed Low
4 4 categories observed Low
5 or more 70–100% of site classes identical High
5 or more 50–70% site classes identical Medium
5 or more b50% identical Low

a Identical infers all sites are categorized similarly, all sites compared relative to the
hierarchy of reporting areas presented above, such that a site that differs by one cate-
gory is either one higher or lower in the hierarchy.

Table 3
Weightings for summary of segment conditions and confidence ratings.

Segment category Weighting factor

Better than expected 1.0
Unimpaired 0.7
Likely impaired 0.4
Impaired 0.0
Confidence rating
High 1.0
Medium 0.5
Low 0.1
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The Great Lakes biodiversity blueprint project defined the first report-
ing level in the hierarchy: valley segments (Wichert et al., 2005). This
data (LIO, 2008) was derived using an automated GIS to demarcate
and attribute each valley segment, provided it was classified as Strahler
order 2 or higher. This limitation reflected both time and computer re-
straints and the scale at which this broad analysis supported decision-
making. Boundaries for each segment were defined where either
stream order changed; therewas a change (line intersection) in hydrau-
lic conductivity (as determined from surficial geology), or therewere in-
tersections with water bodies greater than 10 ha in size. Hydraulic
conductivity boundaries reflected changes from poorly (1×10−5 to
1×10−2 m/yr), moderately (1×10−2 to 1×101 m/yr) or well drained
(1×101 to 1×107 m/yr) soil porosities, as described by the Ontario geo-
logical survey (1997). Segments were typically much longer than 1 km
in length and contained all minor tributaries (i.e., b2nd order). Up-
stream catchments are defined from the outlet of each segment and
are attributed with comparable datasets as were used in the fish assem-
blage GLM of Stanfield and Kilgour (2006) to generate predictions for
each segment.Measures of slope used in thepredictionsof segment con-
dition differed slightly from those used in thedevelopment dataset, with
the former beingmeasured along the entire length of a segment and the
latter being measured 100 m up and downstream of each site. Twenty-
two percent of sampled sites were located on b2 Strahler stream order
reaches and have been combined with the larger valley segment sum-
mary results.

Summarizing data within a segment

Based on the recommendation of Wu and Li (2006), several ap-
proaches for categorizing the condition of each reporting area (e.g.,
mean, median, mode, best, worst, random, and the mean difference of
aggregated scores) were evaluated during a preliminary analysis
phase. This analysis determined that the mean condition was not ap-
propriate for categorical data. All but the median and the modal
methods were subject to the effect of outliers. The modal value (most
frequently occurring) was not an effective means of categorizing seg-
ments with b2 sampled sites. Therefore, the median deviation from
expected was used to describe segment condition. Further, variability
in the number of sites available for each reporting area and in site con-
dition combined to affect the confidence in interpretations of landscape
patterns. For each segment, confidence-ratings, based on a combination
of the congruence of ratings and the number of observations in a seg-
ment were developed (Table 2).

To compare segment predictions to the observed data, the fish as-
semblagemodel is applied to each segment based on the landscape con-
ditions determined from the upstream catchment, as defined from the
outlet of each segment. In effect, this provides a comparison of the reli-
ability of using landscape data alone to predict segment condition. In
conducting the analysis, it became apparent that a number of segments
where multiple observations were available demonstrated a longitudi-
nal gradient in the site condition of the fish assemblage, from unim-
paired to impaired. It is likely that this pattern indicates a situation
where local land use activities might be overwhelming larger scale pro-
cesses. These segments received an additional categorization, as loca-
tions of potentially high priority areas for local restoration opportunities.

Summarizing data within larger reporting units

Managers from within the study area identified catchments as a
second level reporting unit. Catchments represent areas that have
specific properties to warrant management plans (e.g., drainage, bio-
diversity or land use). These moderate sized reporting areas include
all the drainage area upstream of an outlet to a mainstem tributary,
such that a catchment is always a subcomponent of a watershed. In
this study, a watershed is a drainage area upstream of the intersection
of the stream with the Lake Ontario shoreline. The quaternary and
tertiary watershed delineations represent medium and large scale
reporting units. Quaternary watersheds typically contain one or more
major stream systems and a number of smaller systems, while tertiary
watersheds contain several (3–5) quaternarywatersheds that have sim-
ilar geography and comparable hydrograph conditions (Cox, 1978). Ter-
tiary watersheds combine several adjacent quaternary watersheds that
have similar geology and outlets (Cox, 1978). In this study area, data
were available for analysis of 21 quaternary and 3 tertiary watersheds.

The condition of each larger reporting area was determined using
a weighted sum approach. Area weighting is a standard statistical ap-
proach for summarizing condition of a reporting area when the sam-
pling units (segments) vary in size (Cochran, 1977). This technique is
applied to the fish assemblage condition and confidence rankings for
larger reporting units (Eq. (1)). In Eq. (1), UnitScore represents the
score for any reporting unit (j); length indicates the total length of
stream for each category of WF (weighting factor) which is standard-
ized by the total length of streams available for each reporting unit
(j).

UnitScore ¼ ∑ij lengthi �WFið Þj=∑lengthj
� �

� 100 ð1Þ

Table 3 contains the weighting factors (WF) for each category (i) of
effect size and confidence rankings. Ratings maximize the contrast be-
tween the categories, with a score of 1.0 being optimal (better than
expected or high confidence) and 0 or 0.1 being impaired or low confi-
dence. For example, a reporting area with data for only three segments
of 1000 m of unimpaired, 1500 m likely impaired, and 2000 m impaired
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lengthswould have an overall rating of 29 (e.g., (1000*0.7+1500*0.4+
2000*0.0)/4500*100). If, for the same example dataset used above, seg-
ment confidence ratings were high for the unimpaired and the impaired
segments and low for the likely impaired segment, the overall confidence
rating for this reporting area would be 0.7 (i.e., (1000*1+1500*0.1+
2000*1)/4500).

With this approach, each reporting level larger than a segment has
the potential of scores from 0 to 100. Illustrating the relative rankings
of each reporting area on maps poses a challenge, since for clarity,
classification is required and like any classification system, selection
of the thresholds can influence interpretation of the results. Since
one of our objectives is to develop an approach that could be easily
understood by the public in support of watershed report cards, aca-
demic report card grades are applied: i.e., A >80, B 70–80, C 60–70,
D 50–60 and F b50.

Results

Rating segments

Rating of stream condition generated a similar number of seg-
ments in each of the categories of unimpaired, likely impaired and
impaired (Table 4). Categorized segments in closer proximity to
urban lands tended to be impaired and likely impaired; in contrast,
unimpaired sites tended to be located in more northern and eastern
areas (Fig. 2a). Moving in an easterly direction from the Greater To-
ronto Area (GTA), there was a zone of heterogeneity in the ratings
(see the inset of Fig. 2a). In these areas, segments in close proximity
contrasted greatly. For example, the Wilmot Creek in the eastern
part of the inset had all three categorizes of stream segments within
one small watershed.

The majority (63%) of the confidence ratings for segments were
low; the most common cause (55%) of this classification was due to
only one site record being available for the segment (Fig. 2b). Many
of the remaining low confidence ratings were the result of different
ratings between mainstem and tributary systems within one seg-
ment. This observation may erroneously deflate the confidence that
managers might have in the overall rating system used. Only 16% of
segments had high confidence ratings in the classification.

Nine segments (3%) had sites with three classes of conditions, in-
dicating that they are likely under the influence of local land use ac-
tivities (Fig. 2b). As an example, Salem Creek east of Brighton
(Fig. 2b, inset) had the greatest contrast in classifications of any seg-
ment, with seven unimpaired, three likely impaired and one impaired
site. The median classification for this segment was unimpaired. This
segment showed a change in condition that reflected both a longitu-
dinal gradation as well as a clear local effect. Categorization of sites
changed from unimpaired above, impaired immediately below, and
likely impaired in a recovery zone downstream from a failed dam
that washed out the year prior to the field surveys reported here.
These findings supported the conjecture that indeed local land use ac-
tivities were likely overwhelming landscape influences on this seg-
ment of stream. This example also highlights a major limitation of
using a valley segment classification system that does not recognize
Table 4
The number of segments with different impairment and confidence ratings for the fish
assemblage categorization of impairment based on the median class for all sites within
a segment.

Segment Confidence in rating

Classification High Medium Low Total

Not impaired 20 16 55 91
Likely impaired 10 20 54 84
Impaired 15 25 60 100
Total 45 61 169 275
headwater systems as being independent from the mainstem reaches.
Salam Creek is considered one segment by the conservative criteria
applied in the ALIS dataset.

Evaluating the accuracy of the models with increasing size of reporting
areas

Regardless of the number of observations per segment, there was
a good correlation between observed and predicted fish assemblage
condition for segments rated as either unimpaired (95%), or impaired
(81%). Rarely (2%) was a segment rated as unimpaired when field
data indicated that it was not in this condition (Table 5). The model
was largely unable to predict sites rated as being in the intermediate
reporting class of likely impaired.

Fish assemblage data was sufficient to assess 48% of the length of
streams located within the 59 example catchments, although the
length of coverage in individual catchments ranged from 3 to 100%
(Fig. 2c). Since this study area had no segments identified as better
than expected, the maximum score attainable within a catchment
was 70 (or B). Only 16 of the catchments received this rating and
these tended to be located in the eastern part of the study area. In
contrast, western catchments tended to receive failing classifications;
this grade was the most common in the study area at 61% of catch-
ments (Table 6). Despite the large dataset, only 20% of catchments
had high confidence ratings, while 47% were low.

Data are available for 27 watersheds (Fig. 2d) and 21 quaternary
watersheds (Fig. 2e; Table 6). As reporting area size increased, the
scores generally decreased. This occurred because in this study area,
it is rare to find large areas of streams in unimpaired condition.
With scores of: 37, 19, and 48 respectively, each of the west, central
and eastern tertiary watersheds are categorized as F.

Discussion

While there are many studies that summarize stream data across
one reporting scale (e.g. Riseng et al., 2010), there do not appear to
be any other studies that compare the effects of summarizing stream
condition at multiple levels in the hierarchy of reporting units. This
study demonstrated that there is good agreement between observed
and predicted stream fish assemblages at the segment scale, especial-
ly if the fish assemblage is impaired or unimpaired. This study deter-
mined that mapping hindcasted site data provides an effective means
of summarizing fish assemblage data across a broad geographic area.
Providing categorized site conditions and confidence rankings on all
maps offers a tool for interpreting the findings. However, smoothing
effects from summarizing findings to larger areas, the choice of map-
ping thresholds and scaling effects had a great affect on interpretation
of study findings. Finally, this assessment of the condition of stream
fish assemblages across the north shore tributaries of Lake Ontario
is consistent with the spatial trends in a similar study of Michigan
streams (Riseng et al., 2010).

Correlation between observed and predicted condition of segments

The strong correlation between site observations and segment con-
ditions supports the suggestion by Seelbach et al. (1997) and Wang et
al. (2006) that stream segments represent the lowest level of reporting
unit with reliable predictability from landscape models. These findings
give confidence that segments categorized as undisturbed and dis-
turbed are likely accurate and that segments categorized as likely im-
paired warrant additional analysis and more sampling in order to
truly ascertain stream condition. The poor agreement in the classifica-
tion and predictions of likely impaired segments is likely the result of
these sites being located on the cusp of the threshold, where the
model response has the steepest slope. The unknown level of error
that results from combining the ratings from sites located on Strahler
order classification lower than 2 streams, must be acknowledged and



Fig. 2. Categorized Fish Assemblage conditions and confidence ratings in the classification by study area: a) segments, c) catchments, d) watersheds, e) quaternary watersheds.
Panel b shows confidence ratings of classifications for segments as well as segments identified as being likely under the influence of local impacts (dark blue segments). The
inset in panel b shows a close up of one locally impacted stream with the gradient in site conditions relative to a dam washout shown.
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is more likely to be a factor in the middle ratings of stream condition. In
these areas, local conditions could easily have a greater effect on fish
communities than at sites that are above the threshold (>10 LDI) or
are in least disturbed areas (b4 LDI). Use of a more liberal classification
scheme, for example adding another category for 1 SD sites, generated a
greater contrast in classes, but lower agreement (23%) between the

image of Fig.�2


Table 5
Comparison of observed and predicted fish assemblage condition within a segment
(bolded numbers indicate agreement).

Observed Predicted

Median category Unimpaired Likely impaired Impaired

Unimpaired 54 0 3
Likely impaired 58 55 68
Impaired 9 4 63
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predicted and observed segment condition. Scaling up data to larger
spatial areas, however, poses a series of challenges to understanding
scales of influence.

Scale of reporting influences perception of condition

That stream condition tended to decline as scaling size increased is
indicative of the challenges associatedwith scaling influences, although
it is difficult to disentangle true effects from perception. When scaling
up the information on stream condition, there are issues associated
with the scales of reporting, homogenization or smoothing effects, clas-
sification criteria, aggregation effects (Jelinski and Wu, 1996; Moody
and Woodcock, 1995; Schumm and Lichy, 1965) and the nature of the
river network (Vannote et al., 1980). In this study, there was a strong
tendency for stream condition to degrade as size increased. The longer
stream segments that tend to occur in the lower reaches of watersheds
produce smoothing effects in summary scores of larger reporting areas
because of the “weight” of their greater lengths to the overall score.
There were also instances where data were available from b2nd Strah-
ler order streams that differed in condition compared to the main seg-
ments (either better or worse), adding another source of aggregation
error and likely deflating the magnitude of the true smoothing effect
that occurs with increasing reporting area river sizes. Because water-
shed size and geology have a primary influence on the hydrologic
cycle that governs conditions at a site on a stream, and watersheds
vary in size, it is not feasible to address smoothing effects by standard-
izing habitat unit size, as is widely used in terrestrial studies (O'Neill et
al., 1996; Townshend and Justice, 1990;Woodcock and Strahler, 1987).
The decision to apply the weighted length correction equation meant
that smoothing effects were inevitable, since catchment sizes varied.
There was also a confounding issue: in this study area, unimpaired
sites tended to be located in smaller streams, so that their contribution
Table 6
Summary of the number of each larger study area for each category of fish assemblage
condition and confidence rating. Criteria to summarize data are defined in Table 3.

Catchment
scores

Confidence ratings

Catchments Watersheds

Low
(b33)

Medium
(33–66)

High
(>66)

Low
(b33)

Medium
(33–66)

High
(>66)

B (70–80) 8 3 5 1 2 1
C (60–70) 2 1 0 1 3 0
D (50–60) 1 3 0 1 1 0
F (b50) 17 12 7 9 6 2

Quaternary watersheds Tertiary watersheds
Low
(b33)

Medium
(33–66)

High
(>66)

Low
(b33)

Medium
(33–66)

High
(>66)

B (70–80) 1 0 0 0 0 0
C (60–70) 1 1 0 0 0 0
D (50–60) 0 2 0 0 0 0
F (b50) 5 9 2 3 0 0

1: ratings based on the weighted sum (see Table 3) of the length of categorized
segments in each reporting area.
to larger reporting areas was lower. As reporting area increases, the dif-
ferences between reporting areas in the number of contributing sub-
areas, and the differences in areas between reporting areas magnify
these scaling effects, making comparisons between the largest report-
ing areas (e.g., quaternary and tertiary watersheds) less meaningful.

In this study, ratings of each reporting area did not consider Strahler
stream order of each of the contributing segments, as the intention was
to provide an unbiased indicator of system wide condition. In other
words, all segments >2nd order were treated equally. This unbiased
view and the choice of our indicator as a fish assemblage metric repre-
sent a different perspective on stream condition than has been reported
in several other studies of these tributaries (Jones and Stockwell, 1995;
Stanfield and Jones, 2003; Stanfield et al., 2006; Stewart et al., 1999). In
these studies, the focus was on migratory salmonids, and in each case
the authors have remarked on the generally high production of salmo-
nids found in many of these systems. For example, Jones and Stockwell
(1995) identified Wilmot Creek as a premiere trout stream in Ontario.
Themainstem supports this classificationwith a good condition (B) rat-
ing, but its tributary catchments are impaired or likely impaired, pulling
the overall watershed condition down from a B to a D. Ourmore holistic
interpretation highlights the value of the mainstem fishery, while also
identifying the potential concerns in the smaller catchments.

It may be that future studies will identify a statistical process to
address the impact of scaling and smoothing effects and ways to in-
corporate segment position in the river network. In the meantime, I
agree with Tobler (1989) and Jelinski and Wu (1996) that for tribu-
taries, where area units (catchment sizes) are inherently different,
more emphasis should be placed on mapping approaches that illus-
trate the summarized data in ways that enable visual interpretations
of scaling effects. For this study area, this means the site categoriza-
tions should be included on all maps.

Implications of findings to efforts to classify stream conditions across
landscapes

Patterns are most apparent at the smallest reporting units (e.g., seg-
ment and catchment); inclusion of confidence rankings helped provide
context for these interpretations by providing a single “score” that helps
users understand the limitations of the data. Hierarchy theory predicts
these findings, as more connected areas are larger and slower to re-
spond than lower levels, particularly for nested hierarchies (Wu and
Li, 2006). These findings have far-reaching implications for efforts to
classify stream habitats into hierarchical reporting units beyond this
habitat unit size. It implies that until these scaling effects are addressed,
summarizing stream data frommultiple segments into larger scale eco-
logical units is unlikely to provide a meaningful measure of the condi-
tion of all streams within each reporting area. Chu et al. (2010) also
found poor correlations between stream temperatures and attributes
of larger ecological reporting units.

Aggradations and scoring systems matter

This study followed the advice of Fotheringham (1989) in the se-
lection of the fish assemblage metric that is both sensitive to changes
in land use/land cover and is objectively based. Use of the coefficients
for each species in the fish assemblage metric provides an opportuni-
ty for trend analysis on subsequent datasets. In fact, in Ontario these
approaches have begun to resonate with managers, being recently
referenced in two fisheries management plans (OMNR, 2009; TRCA,
2008) for monitoring change in stream condition over time. Jelinski
and Wu (1996) suggest that given the multitude of spatial and statis-
tical issues associated with reporting on ecosystem condition, mea-
suring changes in condition on one spatial scale over time has the
greatest potential for success in linking cause to effect. However, the
measurement of trends in time and space is still required to define
the reference state from which to measure change.
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Pearse et al. (1985) warned that our perception of change-in-
expected condition “is short sighted at best” and that “the inability
to objectively evaluate the degree of change in habitat is largely due
to a lack of knowledge of the reference condition”. Xu et al. (2005)
faced similar challenges in their attempt to classify the health of Italian
lakes. In their study, field data were divided into five equal categories
with equal numbers in each grouping of low (0) to high (100). This en-
sured that the final classification would include the full range of scores
of sites, but only for the existing state. The approach used in the present
study assumes the existing state is to somedegree degraded and applies
the hindcasting approach to determine the reference condition. This ap-
proach provides a benchmark from which to measure future change in
condition.

The scoring system used here is likely to result in biased interpre-
tations of conditions in comparisons between higher levels in the hi-
erarchy of reporting areas (e.g., quaternary and tertiary watersheds),
although the scheme may be appropriate for evaluating the individu-
al condition of lower level reporting areas (e.g., watershed and catch-
ment). The chosen scoring system is somewhat arbitrary and is not as
important as the base data that contributes to the rating in each
reporting area. This study provides a foundation for rating stream con-
dition based on a standard reference condition that is more important
that the actual thresholds for each “grade”. For example, choosing a
more conservative rating scheme for a geographic area that is dominat-
ed by urban land use (e.g., scoring F as b40) would result in a better
overall grading of stream condition (less failed categorizes for exam-
ple), but, provided the same base data are used, would not compromise
the scientific credibility of the data. Rather, such a decision might pro-
vide a more realistic evaluation of stream condition for an urbanized
landscape and enable consistent reporting to the public of watershed
health (Briggs et al., 2003).

Finally, providing the base level mapping results regardless of the
level in the hierarchy of reporting area provides an opportunity to
identify potential areas requiring management action that may not
be obvious otherwise.
Other factors to consider and science needs

A core component and therefore limitation of this study is the use of
modeling results that are based on coarse metrics of landscape proper-
ties (e.g., PIC and BFI), and analytical approaches that do not consider
proximity and hierarchical relationships of streams. In the future, as
more refined data layers and new approaches for analyzing the data
emerge, model predictions are likely to improve. Future analysis of
the state of the streams in this area will likely require a reanalysis of
the condition of each site, while still using the same metric of fish as-
semblage. Reporting agencies have already applied the CA coefficients
to recent fish catches as a means of tracking changes in community as-
semblages over time (Christine Tu, Toronto Region Conservation Au-
thority, pers. comm.).

A conceptual understanding of the effects of hierarchical scaling is
well-established (Fausch et al., 2002; Hynes, 1970; Imhof et al., 1996;
Poff, 1997; Schlosser, 1991 for examples). Several papers demonstrate
the pathways of influence at various spatial scales and levels in the
river network (see Fisher et al., 1998; Stanfield et al., 2006; Wang et
al., 2003; Zorn and Wiley, 2006). However, scaling and autocorrelation
challenges continue to be problematic for riverine ecologists because of
the intertwined issue that watershed areas vary and rivers are orga-
nized in a hierarchical network. There continues to be an urgent need
for new analytical methods to tease out these influences on streams
(seeWu, 1999 for an earlier plea). If this approach is not feasible, as sug-
gested by Openshaw et al., (1987; also see Fotheringham, 1989; Jelinski
andWu, 1996) then the alternative is to develop and apply a framework
around which consistent application of visual interpretations of maps
across the landscape can be made.
Practical application of results to stream management and reporting

This study suggests that streams on the Canadian side of Lake On-
tario show progressive degradation in response to intensification of
land use. The patterns observed here agree with our knowledge of
the effects of increasing development on fish communities (Leopold,
1968; Stanfield and Kilgour, 2006; Wang et al., 2003) and are consis-
tent with findings of Riseng et al. (2010) from Michigan. This study
suggests that the impacts result from incremental impairment of
streams within a watershed. Watersheds are impaired incrementally
segment by segment and catchment by catchment, until the entire
watershed is affected. Reversal of this creeping crisis requires imple-
mentation of a watershed management strategy that recognizes this
incremental process, can identify priority problem areas, and iden-
tifies actions that address process level issues regardless of the cur-
rent status of “significant fisheries”. Addressing this challenge will
require a shift in philosophy and actions by resource managers and
the public to recognize fishless and currently degraded streams as
being important to the overall productive capacity of the entire wa-
tershed, and then protect/restore them. This direction is a recommen-
dation of the Department of Fisheries and Oceans fish habitat policy
(Pearse et al., 1985). The presented analysis provides graphic evi-
dence of the implications of not protecting all components of the
stream network. These results support the argument for broader ap-
plication of the fish habitat policy to all sizes and types of streams
in Canada and for similar policies in other jurisdictions.

Since impacts to streams occur in a nested and incremental way,
so too should restoration efforts. These findings provide guidance as
to which actions are likely to be most beneficial for each stream cate-
gory type. As suggested by Wang et al. (2006), segments identified as
unimpaired should be the focus for management action that empha-
sizes protection. In these areas, instream activities such as cover en-
hancement or bank stabilization would only be beneficial where
local areas are a concern. The nine segments identified as potentially
being under the influence of local land use impacts represent priority
areas of further study in order to determine if and what type of local
stewardship work could reverse the trend of impacts on fish assem-
blages and habitat. The stream-segments categorized as likely im-
paired should be the targets of further investigation in order to
confirm status and to identify potential problem areas/types and if
present to initiate stewardship activities to rectify problems. Man-
agers should not expect to restore fish assemblages in segments and
catchments that are in a consistent degraded state by only carrying
out locally based stewardship work. Rather, these areas will require
integrated watershed planning and management to address major
concerns in the watershed before instream habitat works are likely
to result in significant improvements to fish assemblages. These re-
sults confirm the need for stronger strategic planning and manage-
ment for every stream and at all levels of the hierarchy of a river
network, as recommended by Imhof et al., 1996.

Resource managers with large geographic area mandates could in-
corporate an adaptive monitoring strategy that initially targets all
segments with one sample site. Later, additional sampling could tar-
get areas categorized as likely impaired from the first sample. Such
a design takes advantage of the high predictive power of the impaired
and unimpaired condition and optimizes the potential to identify lo-
cations where local land use is having its greatest effect (see above).

Conclusions and recommendations

That most watersheds in this study demonstrated at least some
segments in a degraded condition is evidence that the incremental
loss of fish habitat described by Pearse et al. (1985) is still occurring
in this area. This study demonstrates how the results of adaptive sam-
pling of segments can help managers direct limited resources for op-
timal results. That data from only one site can be sufficient to identify
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whether a segment is categorized as either unimpaired or impaired
will be welcome news to managers struggling with the logistics of
conducting large scale environmental monitoring. Additionally, if a
sample determines a segment as being likely impaired, or if a manag-
er suspects local land use is unduly influencing stream condition, this
study demonstrates that having at least three sites of data that cover a
large longitudinal gradient within a stream segment can help identify
potential areas where local restoration activities are likely to be most
effective. Results suggest that the scale at which the stream data is
collected (e.g., site or segment) is the best scale at which to present
the findings and that as reporting area increases, a variety of statisti-
cal and spatial issues combine to reduce the reliability of comparisons
in condition between spatial areas. Therefore, managers and re-
searchers should consider the implications of the scoring systems
used in Watershed Report Cards or state of the ecosystem reports
that are susceptible to smoothing effects. Implementing an adaptive
management framework that classifies stream conditions using unbi-
ased methods will hopefully reverse the stream degradation mea-
sured in this area and across the Great Lakes basin during the next
wave of land use intensification.
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