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roles in the conservation, utilization, and management of Rivanna Basin aquatic 
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accurate information about the condition of the stream and river system. We 
believe this report to be a fact-based, scientific appraisal of conditions in the 

Rivanna watershed and stream system, and of factors driving those conditions. 
We believe good information fosters better community decision-making, and we 

hope the following objective report serves the enterprises of resource 
management, conservation, and community education so that the bounties of our 

streams and rivers may be enjoyed for generations to come. 
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Abstract 
 

From winter 2003/2004 through fall 2005, stream benthic macroinvertebrate 
samples were collected in fall, winter, and spring at 52 Rivanna Basin sites draining rural, 
exurban, suburban, and urban watersheds. At core sites—those slated for long-term 
monitoring by the StreamWatch program—the average number of samples per site was 
five. Organisms were identified to the taxonomic level of family and two multimetric 
indexes were used to derive scores expressing the biological condition of each sample. 
For each site, a health assessment (poor, fair, good, etc.) was produced based on the 
average and range of index scores for the set of samples collected over the study period. 
A subset of 24 sites was representative of most 3rd through 5th order Rivanna Basin 
streams with respect to land use, land cover, and geographic distribution. Thirteen of 24 
representative sites (54%) were impaired according to the Virginia aquatic life standard. 
In most cases impairment was moderate, but at 3 sites impairment was substantial or 
severe. The Rivanna River was moderately impaired from Charlottesville to the James 
River confluence. Relative to our first assessment, published in fall 2004, biological 
health improved slightly throughout the basin. Population density and other land use, land 
cover, and hydrogeographic attributes of watersheds and stream segments terminating at 
biomonitoring stations were analyzed using mapping software. Reach-scale riparian and 
in-stream habitat conditions were determined via rapid visual assessment. Watersheds 
were classified according to population density. Assessed health at sites correlated 
strongly with watershed class (Spearman’s rho=0.79, p<0.001). Of many models tested, 
the strongest predictor of site health was a single-factor model—a power curve relating 
watershed population density to site biological condition (R2=0.89, p<0.001). Reach-
scale variables did not correlate with biological condition across the complete dataset, but 
a multiple regression of stream order and riffle frequency predicted biological health with 
moderate strength in a subset composed of streams draining watersheds with fewer than 
50 people per square mile. Two biological condition benchmarks were defined: The 
Clean Water Act line distinguishes conditions that do and do not meet the Virginia 
standard; the persistent impairment line distinguishes levels of impairment from which 
attainment of supporting status is and is not plausible. Estimated watershed population 
densities for the Clean Water Act line and persistent impairment line were 56 people per 
square mile (27 acres per dwelling) and 210 people per square mile (7 acres per 
dwelling). Thus, biological impairment in Rivanna basin streams was associated with 
population densities at the low end of the range defining exurban residential density, and 
persistent impairment was associated with densities as the low end of the suburban range. 
Population distribution in the Rivanna Basin is uneven. Approximately half of 
subwatersheds have population densities below ~60 /sq mile, while the density of the full 
Rivanna basin is ~215/sq mile. Our model relating density to stream health is not 
applicable to the Rivanna River, and the risk of persistent impairment of the River is 
unclear. 
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1) About StreamWatch 
 
 StreamWatch is a collaborative ecological monitoring program supported by and 
conducted on behalf of Albemarle County, Fluvanna County, The Nature Conservancy, 
Thomas Jefferson Planning District Commission, Thomas Jefferson Soil and Water 
Conservation District, Rivanna Conservation Society, and Rivanna Water and Sewer 
Authority. 
 The program’s purpose is to provide the community with high-quality scientific 
data and information about watershed and stream conditions throughout the Rivanna 
Basin. The scope of activities undertaken by StreamWatch partners includes land 
conservation, technical assistance for land management, sewage treatment, enforcement 
of environmental regulations, planning, conservation advocacy, water supply 
management, stream and watershed restoration, and conservation education. To serve its 
various partners, StreamWatch's activity is restricted to science-based environmental 
monitoring, assessment, and reporting. 
 StreamWatch’s staff ecologist prepares analyses and reports for distribution to 
partners and the public. Before release, reports are reviewed by a technical committee 
composed of water resources professionals, and then by a steering committee composed 
of representatives from each partner organization. 
 
2) Overview of biological monitoring 
 
 This report assesses the biological condition of streams as indicated by samples 
from stream benthic macroinvertebrate communities. The organisms comprising these 
communities, including insects, crustaceans, snails, and worms, are variously responsive 
to environmental stresses and changes. By analyzing the presence, absence, and relative 
abundance of different types of macroinvertebrates, we discern a community profile that 
reflects water quality and other aspects of stream condition (Barbour 1999, Karr 1999). 
 Because the benthic community profile is a function of multiple environmental 
factors occurring over time, benthic monitoring can detect changes that other monitoring 
methods cannot. For example, most water monitoring in Virginia consists of periodic 
collection of water samples for laboratory chemical and bacterial analyses. This produces 
a snapshot of water quality at a particular moment in time, but often fails to detect 
intermittent stressors such as polluted urban stormwater runoff, or the effects of habitat 
changes such as sedimentation. Intermittent stressors and habitat changes can have long-
term effects on biological condition, and benthic monitoring can reveal these effects 
(U.S. EPA 2002). 

Ideally, StreamWatch would employ many monitoring methods. But given 
constraints of time and money, we choose biomonitoring for its effectiveness, efficiency, 
and because it addresses a particularly valuable question: How well does the stream 
support life? Answering this question is critical to management and conservation because 
a stream’s biological condition parallels its value as a resource. For uses such as 
recreation, wildlife habitat, and water supply, the best streams are those that are 
biologically robust. 
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3) Methods 
 
3.1 – Data 
 
 This report addresses 207 benthic macroinvertebrate samples collected at 52 
Rivanna Basin sites from winter 2003/2004 through fall 2005 during winter, spring, and 
fall. At core program sites—those slated for long-term monitoring by the StreamWatch 
program—the average number of samples per site was five. Summer data were not 
included: our first significant summer collection was conducted in 2005, and we do not 
yet possess sufficient data to test for possible natural variation between summer and other 
seasons. 
 Other data employed in analyses for this report are discussed in Appendix D.  
 
3.2 – Core and non-core sites; core site distribution and representativeness 
 
 This report gives biological condition assessments for 38 sites, and results but no 
assessments for an additional 14 sites. (No assessments are given for sites at which only 
one sample was collected during the study period.) 
 Of the 38 assessed sites, 32 belong to the StreamWatch core monitoring program. 
Core sites are sampled consistently and are slated to be monitored long-term. Of the core 
program sites, 6 mainstem sites are located along the Rivanna River proper, 2 reference 
sites are located on tributaries draining minimally disturbed catchments, and 24 
representative sites are located on tributaries throughout the basin. 
 The selection of the 24 representative tributary sites was driven by three 
considerations: hydrogeographic representativeness (see Appendix A and site map in 
Appendix F), land use representativeness, and placement of sites near stream mouths 
whenever possible. Though some 2nd order streams are included in datasets used for land 

use effects analysis, 
1st and 2nd order 
streams are not 
represented in the 
core set due to 
program capacity 
constraints. Also 
unrepresented are 
higher-elevation cold-
water Blue Ridge 
streams. 
 Land use and 
land cover data were 
analyzed for 
catchments 
terminating at the 24 
representative sites. 
Based on site 
selection criteria and 

Average 
percent 
forest

Average 
equivalent 

Percent 
Impervious

Average 
population 
per square 
mile (year 

2000)

Median 
population 
per square 
mile (year 

2000)

Average 
percent 

slope more 
than 25%

Watersheds draining to 24 core 
tributary sites 74% 5.2% 296 56 18%

Rivanna watershed 72% 5.2% 191 – 16%

Table 3-1.  Representativeness of StreamWatch non-reference tributary sites.  Attributes 
for the whole Rivanna basin and attributes for catchments draining to 24 representative 

sites are similar.  Average population density for the tributary watersheds is skewed 
upwards by a single urban watershed with density of over 4,000/square mile. The 

discrepancy between median population density of representative watersheds and 
overall density of the Rivanna basin (56 and 191 per square mile, respectively) is due to 

the basin's uneven population distribution, with urban/suburban densities in 
Charlottesville and Lake Monticello and exurban/rural densities throughout most of the 

rest of the basin.

Watershed attributes
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on comparisons between these 24 catchments and the Rivanna watershed as a whole, we 
consider the core tributary site set to be representative of 3rd through 5th order Rivanna 
Basin warmwater streams with respect to land use, land cover, topography, and 
geographic distribution (Table 3-1, page 7). 
 
3.3 – Field and lab methods 
  
 Field sampling of stream benthic macroinvertebrate assemblages was conducted 
by volunteers and staff, following the Virginia Save Our Streams (VaSOS) modified 
method (Virginia Save Our Streams 2001). Volunteers were trained through six-hour 
workshops covering collection methods and macroinvertebrate identification. Volunteers 
who worked independently received at least 10 hours of additional training and passed a 
certification examination. StreamWatch’s VaSOS monitoring activity is subject to 
Virginia Save Our Streams’ quality assurance/quality control program (QA/QC). The 
VaSOS modified method was developed at Virginia Polytechnic Institute and is the 
subject of published peer-reviewed research that verifies the protocol's effectiveness as a 
monitoring and assessment tool (Engel and Voshell 2002). 

To interpret sampling results, StreamWatch utilizes both the volunteer-oriented 
VaSOS index and a professional index borrowed from the Virginia Department of 
Environmental Quality—the Virginia Stream Condition Index for non-coastal streams or 
VSCI (Burton and Gerritsen 2003). The VaSOS method requires that most organisms be 
identified to the taxonomic level of order. The VSCI, however, requires family-level 
identification, which usually means that after completing the field-identification 
sufficient for VaSOS, some portion of the sample is preserved, brought to the laboratory, 
and identified with the aid of a microscope by StreamWatch staff or a highly trained 
volunteer. StreamWatch’s field methods differ somewhat from DEQ’s, and though 
collaborative comparison testing by DEQ and StreamWatch biologists strongly suggests 
the programs’ respective methods produce similar VSCI scores, StreamWatch qualifies 
its use of this tool by calling it the Adapted Stream Condition Index (ASCI). 

StreamWatch’s family-level identification is not subject Virginia Save Our 
Streams’ QA/QC program. Though a formal QA/QC document has yet to be developed, 
StreamWatch’s methods for family-level identification and associated interpretation are 
scientifically rigorous, and are subject to careful quality control. John Murphy, director 
and staff ecologist for StreamWatch, participated in or supervised the collection of more 
than half of the samples comprising the records for this report, and supervised or 
performed family-level specimen identification for about 90% of samples. Mr. Murphy 
has completed two courses in aquatic biomonitoring through the U.S. Fish and Wildlife 
Service, and is certified in aquatic insect identification by the North American 
Benthological Society. Bill VanWart, aquatic biologist for the Virginia Department of 
Environmental Quality, provided guidance for application of the Adapted Stream 
Condition Index. 

 
3.4 – Volunteer contributions 
 
 Approximately 60 volunteers contributed over 2,300 hours to field collection and 
other support activities during the study period. Volunteer contributions are indispensable 
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to the program, making it possible for StreamWatch to provide bioassessment services to 
the community at a fraction of commercial rates. Volunteer support facilitates extensive 
monitoring coverage, allowing StreamWatch to provide a comprehensive, watershed-
wide perspective of the health of the Rivanna’s rivers and streams. Government agencies 
such as the Department of Environmental Quality do not have the capacity to provide the 
same level of coverage and analysis. 
 
3.5 – Assessment methodology 
  
 As mentioned in Section 3.3, each 
biological sample collected by StreamWatch 
produces both a VaSOS index score and an 
ASCI index score. 

Assessments of site and stream health 
are given in the form of condition statements 
(good, fair, poor, etc.), and are based on index 
scores from two or more samples. Index 
scores are driven primarily by the diversity 
and stress tolerance of the organisms found. 
Thus, for instance, a sample composed of 
many types of organisms, most of which are 
intolerant of pollution, will produce a high 
index score. Conversely, a sample composed 
of just a few types of organisms, all of which 
are pollution-tolerant, will produce a low 
score. Assessments are given in the map and 
tables in Appendix F (pages 52-55). 
 StreamWatch’s assessment method is 
modeled after procedures used by the Virginia Department of Environmental Quality per 
guidance from the Environmental Protection Agency (Shifflett 2005, Virginia DEQ 2006, 
Van Wart 2004, Hill 2006). The average VaSOS score directs initial placement into a 
health tier, and pointedly or repeatedly low minimum ASCI scores can trigger demotion 
to a lower tier (Table 3-2). Similarly, high ASCI scores from samples collected in the 
latter half of the assessment period can trigger promotion. We use average VaSOS scores 
to initiate the assessment procedure because the VaSOS system is readily understood by 
volunteers. 

Each assessment is accompanied by a statement of confidence about its precision. 
This statement is based on number of samples, the temporal location of sampling dates 
within the assessment time window, and our current judgment of the indexes’ precision 
with respect to given stream types. For a detailed explanation of the assessment 
procedure and rationale, see Appendix B. 
 
3.6 – Health tiers 
  
 StreamWatch health tiers provide a system through which simple, straightforward 
descriptions of general biological condition can be communicated to specialists and non-

Virginia Save 
Our Streams 

index (12-

Adapted 
Stream 

Condition 
10 and over 61.3 and over Very good

9.0 - 9.9 55.1 - 61.2 Good
7.0 - 8.9 40.0 - 55.0 Fair
6.0 - 6.9 25.1 - 39.9 Poor
0.0 - 5.9 0.0 - 25 Very poor

Table 3-2. Ranges of biological index scores 
associated with health tiers. Assessments are 
based on average and minimum scores from 
multiple samples. The site’s average VaSOS 
score directs initial categorization. Discrete 

ASCI scores can cause demotion or 
promotion.

Ranges of index scores

Health
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specialists alike. Inasmuch as health tiers give the public, elected decision-makers, 
managers, and scientists a common vocabulary, they are indispensable to the enterprise of 
collaborative resource management. 
 The term “health” is a metaphor borrowed from medicine. Like all metaphors, it 
has weaknesses and strengths. Ecosystems are not organisms, and medical models for the 
diagnosis and treatment of disease are not completely applicable to ecosystems. But key 
attributes of ecosystem health and associated criteria for determining health status have 
been identified by environmental scientists (Rapport 1998). 
 StreamWatch tiers were developed to conform to the greatest extent possible to 
standards employed by organizations and agencies conducting similar work in the region. 
However, standards are not universal and consistent, and efforts to define widely 
applicable health criteria represent a frontier in environmental science.  
 Our determinations of the biological health of stream benthic communities are 
achieved through indexes composed of metrics reflecting family diversity, trophic 
balance, and organisms’ pollution sensitivity. The metrics were selected empirically 
based on responses to human-mediated stresses, but can be interpreted not only in the 
context of environmental management but also in the context of ecological science. Thus, 
for example, streams labeled as poor by StreamWatch will be degraded in ways that can 
be understood from management perspectives (e.g. “fails standards”) and also from 
traditional ecological perspectives (e.g. low richness). 
 Assessment of site health is based on analysis of index scores from multiple 
samples, as outlined in Section 3.5, Table 3-2, and Appendix B. We describe our tiers in 
terms of degradation—departure from natural condition (Table 3-3). We assume that 
none of our sites is completely unaffected by human activity, and our highest tier, very 
good is described as “approaching natural conditions.” 
 In our fall 2004 report, StreamWatch employed four tiers: very poor, poor, fair, 
and very good. With more data and better understanding of the system’s range of 
variation, StreamWatch is with this report establishing a fifth tier called good. The 
change was effected by splitting the fair tier into two tiers: fair and good. 

We define two biological condition benchmarks: The Clean Water Act line 
distinguishes conditions that do and do not meet the Virginia aquatic life standard; the 
persistent impairment line distinguishes levels of impairment for which attainment of 
supporting status is and is not plausible. The first benchmark—the Clean Water Act 
line—separates StreamWatch’s fair and good tiers and parallels the Commonwealth of 
Virginia’s threshold between “impaired” and “not impaired.” Thus, streams assessed by 
StreamWatch as fair, poor, or very poor would probably be labeled impaired if assessed 
by Virginia DEQ, and streams assessed by StreamWatch as good or very good would 
probably be considered unimpaired by DEQ (See Appendix B, section 5). Streams termed 
impaired by DEQ do not meet state-defined standards that protect “the propagation and 
growth of a balanced, indigenous population of aquatic life” (Virginia DEQ 2006, 
Virginia State Water Control Board 2006). We believe fair is an appropriate descriptor 
for the tier below good. Even though moderately degraded, streams in this category often 
have reasonable potential to attain non-impaired status. The second benchmark—the 
persistent impairment line—separates StreamWatch’s poor and fair tiers, and marks the 
estimated point of degradation beyond which streams have minimal potential to improve 
to the “good” level. With the exception of streams impacted by point sources, attaining 
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supporting status (good) is unlikely in the absence of significant land use change or costly 
restoration projects (Norton 2004). For further discussion about the development of the 
two benchmarks, see Appendix D, section 5 (page 45). 

Note that the splitting of the fair tier is simply a refinement of the 2004 
categorization scheme. Streams labeled fair in StreamWatch’s 2004 assessment and then 
good in the 2006 assessment have not necessarily improved biologically. Most streams 
presently labeled good were positioned towards the high end of the range defining fair in 
2004. This and other changes in our assessment procedure notwithstanding, the properties 
of the health tiers are consistent, and comparisons of stream health conditions across the 
two assessment periods are valid. For a detailed discussion, please see Appendix B, 
section 3.  
 Table 3-3 below gives biological characteristics of typical communities 
representing each of the five health tiers. Further analyses of our tiers and background 
about their development are given in Appendix C. 
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3.7 – Extrapolation from site to stream 
 

The DEQ extrapolates site-based data to generate assessments of stream 
segments. For assessments based on biological data, assessed segments often extend 5 or 
more miles upstream and downstream of the sampling site (Shifflett 2005, Virginia DEQ 
2006). Implicit in this approach is the assumption that health at a site is usually 
representative of health of the stream. This assumption is supported by the strong link 
between watershed land use and stream health documented in numerous studies (Allan 
1997, Coles 2004, Deacon 2005, Morse 2003, Ourso 2003, Richards 1996, Richards 
1997, Wang 2003), and in StreamWatch’s analysis of relationships between site 
condition and land use (Murphy 2004). Stream health is largely driven by conditions in 
the stream’s watershed, and when land use is consistent throughout a watershed, health is 
consistent from site to site along the stream. In light of the scientific literature, previous 
StreamWatch findings, and the practice of the DEQ, this report assumes that site health is 
representative of stream health unless otherwise noted in Section 4.8  
  
3.8 – Land use/land cover analysis 

 
Stream biological communities are shaped by water quality, stream habitat, and 

flow. These in-stream conditions are, in turn, shaped by terrestrial conditions in the 
watershed draining to the stream. Because of these links, analysis of watershed attributes 
and land use is essential to understanding stream health. 

For our 2004 report, we assembled a geographical information system to analyze 
landscape features and land use. We combined land use parameters into an index of land 
use intensity and found a strong correlation between general land use intensity and stream 
biological condition. For this report, rather than conflating parameters we directly 
examine relationships between biological condition and several natural and human-
related watershed characteristics. Details of the analysis are given in Appendix D.  
  
4) Findings 
 
4.1 – Nearly half of representative tributaries are in good or better shape. 

 
 Almost half of our representative 
sites enjoy good or very good biological 
health. The macroinvertebrate 
communities in these streams are diverse 
and composed principally of stress-
intolerant organisms, indicating good 
water quality, stream habitat, and 
relatively light watershed disturbance. 
Site locations, assessments, and 
additional information are given on the 
map and table in Appendix F (pages 52-
54). 

Figure 4-1.  Nearly 50% of representative 
biomonitoring sites are in good or better shape.

Poor
4%

Very poor
8%

Very good
13%

Fair
42%

Good
33%



 13

4.2 – More than half of representative tributary sites do not meet the Virginia 
aquatic life standard. 
 

As shown in Table 4-2, 54% of 
representative sites probably would not 
meet Virginia’s aquatic life standard if 
assessed by the Virginia Department of 
Environmental Quality. That is, DEQ 
would probably classify theses sites as 
“impaired,” triggering a process that can 
lead to restoration. Rivanna Basin 
conditions seem fairly typical for the 
state: according to DEQ, about 50% of 
randomly sampled Virginia streams fail 
to meet the aquatic life standard as 
defined by the Virginia Stream 
Condition Index (Hill 2006). 

Most impaired tributaries are 
moderately degraded (health=fair). A 

small portion of the set—3 of 24—are persistently impaired, with substantial degradation 
(health =poor) or severe degradation (health=very poor). 
 
4.3 – Most of the Rivanna mainstem does not support the Virginia aquatic life 
standard.  
 

StreamWatch maintains monitoring stations at six sites strung along the Rivanna 
mainstem, beginning downstream in eastern Fluvanna County near the river’s confluence 
with the James and ending upstream in central Albemarle County near the confluence of 
the North and South Forks of the Rivanna about 2½ river miles downstream of Route 29 
North. (The upstream site is located on South Fork Rivanna River, which is technically 
part of the Rivanna mainstem.) 

We found fair biological conditions at five of the six sites. The average SOS and 
ASCI scores for the 6 core program mainstem sites were 7.6 and 54.1, respectively. At 
the uppermost site—on the South Fork—conditions were poor. Please see the map and 
tables on pages 52-54 for more detail.  

Our mainstem dataset now spans three years and 6 sites. We continue to see more 
variance in results from mainstem sites than tributary sites, and all mainstem site 
assessments are given with “moderate” confidence. For details, please see Appendix B, 
section B.1.d. (page 25). 

Clean Water 
Act 

classification

Biological 
condition

Number of 
sites

Very good 3

Good 8

Fair 10

Poor 1

Very poor 2

Table 4-2.  Thirteen of 24 (54%) of 
representative Rivanna tributary sites do not 

support Virginia aquatic life standads

Supporting (11 
sites)

Non-supporting 
(13 sites)
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4.4 – Biological conditions in tributaries have improved slightly following the 
drought of 1999 – 2002. 
 

 
According to both our indexes, biological conditions in tributary streams 

generally improved beginning in spring 2004, and remained better throughout the rest of 
this report’s assessment window (see Figures 4-4 and 4-5). For the 25 sites for which we 

possess paired data, the average of sites’ 
average scores was 7.8 in the 2004 
assessment, and 8.5 in the 2006 
assessment, according to the Virginia 
Save Our Streams 12-point index. This 
difference in average scores is 
statistically significant (Wilcoxon 
p<0.001). Differences were also 
significant as measured by the Adapted 
Stream Condition Index (ASCI) (49.9 
versus 54.7, Wilcoxon p<0.001). 
However, ASCI was available only 
during the last 2 of the 5 seasons 
comprising the dataset for the 2004 
assessment. The poorest biological 
conditions occurred during the earlier 

part of that period, 
closer to the drought, 
and the difference in 
average ASCI scores 
could have been 
greater if the ASCI 
index had been used 
throughout the 2004 
assessment period . 
 About 85% 
(21 of 25 for SOS, 22 
of 25 for ASCI) of 
core program 
tributary and 
mainstem sites for 
which we have paired 
data improved in their 
average scores. In 

Figure 4-5. Average spring and fall biological health scores from 20 
representative Rivanna basin monitoring sites over three years 

(2003- 2005).  Scaling of SOS and ASCI scores have been 
conformed for graphing purposes.
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Figure 4.4.  Average biological condition scores improved 
during this report's study period.  Scales have been 

conformed for graphing purposes.
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most cases, these improvements were slight (average improvement in average SOS scores 
was 0.68). Assessed condition (fair, poor, etc.) changed at 32% of sites, with seven 
improvements and one decline. The statistical significance of changes in an individual 
site’s average score could usually not be determined. While the pattern of general 
improvement across the watershed is statistically convincing, subtle change in the health 
status of individual streams is difficult to detect because the small size of each site’s 
dataset doesn’t afford sufficient statistical strength to cut through noise and sampling 
error. 

The biological improvement was almost certainly the delayed response to flow 
normalization following the autumn 2002 termination of the severe drought spanning the 
preceding four years. 
 
4.5 – Biological conditions improved on much of the Rivanna mainstem. 
 

2004 n 2006 n 2004 n 2006 n

Rivanna @ Darden Towe           5.8 5 7.3 6 44.0 2 52.7 6
Rivanna @ Milton                5.8 5 6.7 6 42.5 2 50.9 6

Rivanna @ Palmyra               8.0 3 9.6 5
South Fork @ Forks of Rivanna   4.3 3 6.0 4

Site name

Table 4-6. Biological condition improved at each of the 4 mainstem sites that could be compared across 
assessment periods.

Average ASCI scoreAverage SOS score

insufficient data
insufficient data  

 
Comparisons across assessment periods were possible at four of our six mainstem 

monitoring sites (See Table 4-6). Though we could not determine whether changes at 
individual sites were statistically significant, the data from several sites, viewed together, 
suggest improvement in the Rivanna mainstem. Average SOS scores increased from 5.9 
to 7.4 from the 2004 to 2006 assessment periods. Statistically, the improvement was 
probable, but not at the p!0.05 level (Mann-Whitney p=0.06). The measured change 
occurred in the reach stretching from the confluence of the North and South Forks 
downstream to Palmyra, containing the sites at South Fork, Darden Towe, Milton, and 
Palmyra. Conditions may also have improved further downstream, but we do not possess 
enough data to compare conditions between assessment periods for the Rivanna’s lower 
reaches. 
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4.6 – Biological condition and land use in Rivanna Basin subwatersheds. 
 

It is well known that human land use is strongly linked to water quality and 
stream health (Allan 1997, Allan 1995, Coles 2004, Deacon 2005, Karr 1999, Morse 
2003, Ourso 2003, Richards 1996, Richards 1997, Wang 2003). While natural variables 
can and do influence measured biology at StreamWatch monitoring sites, (witness the 
drought-recovery signal discussed in Sections 4.5 and 4.6 above), we found that of the 
factors available for analysis in this study, the strongest predictors of stream biological 
health are landscape-scale anthropogenic basin characteristics (land use). (See Appendix 
D for a discussion of the variables we explored). It is also well known that principal 
stressors associated with intensive land use include increased sediment and pollutant 
loads and hydrologic alteration. Though these general relationships are well established, 
all watersheds are unique, and there exists a substantial need to study the mechanics of 
stressors in the Rivanna Basin. This study does not investigate mechanics, but it does 
examine properties of the general land use/stream health relationship that are unique to 
this watershed. Specifically, we estimate human population density levels associated with 
biological benchmarks. 

Table 4-7 gives summary biological condition and land use statistics for four 
watershed types classified by population density. Our classification framework follows 
Theobald, with slight modification (see section D.2.c in Appendix D). Rural watersheds 
are defined as catchments with population densities of no more than 40 people per square 
mile; their development density is approximately 40 or more acres per dwelling unit. 
Exurban basins are defined by populations of 40 to 160 people per square mile, and have 
approximately 10 to 40 acres per unit. The population density of suburban basins range 
from 160 to 1,000 per square mile, with the land area per dwelling unit ranging from 
approximately 1.5 to 10 acres. Urban basins have densities of 1,000 per square mile and 
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over, and 1.5 acres per unit or less. The four watershed classes correlated strongly with 
biological condition (Spearman’s rho = 0.79, p<0.000). An explanation of the numerical 
and descriptive expressions of biological condition given in Table 4-7 can be found in 
Appendix C. 

As discussed in Appendix D, section 5, we identify two biological benchmarks: 
 
1) The Clean Water Act line. This is the bar between streams assessed as good 
and fair, and between streams that do and do not meet the Virginia water quality 
standard for aquatic life. 
 
2) The persistent impairment line. This is the bar between streams assessed as fair 
and poor, and marks the approximate break point between streams that do and do 
not stand a reasonable chance to meet Virginia standards without expensive 
restoration efforts and/or substantial departures from current human behaviors and 
land management practices. 
 
About ninety percent of rural streams (seven out of eight) enjoyed good or very 

good health and met the Clean Water Act standard. Over ninety percent (14 of 15) of 
exurban streams failed the standard, with most in fair condition. All six suburban streams 
failed the standard, with four of the six falling below the persistent impairment line. All 
three urban streams were in very poor condition, well below the persistent impairment 
line. 

Human presence is both a stressor and an indicator of associated stressors. Human 
activities (e.g. polluting) directly affect stream biota, and the degree of human presence 
parallels land alterations such as roads and parking lots that affect stream hydrology, 
instream habitat, water quality, and biota. Of all local and landscape-scale variables we 
examined, including several variables related to land use, (e.g. forest cover, grazed lands, 
residential density, population density, impervious surfaces), population density was the 

most powerful predictor 
of stream health. 
Because it is paralleled 
by other indicators of 
watershed disturbance, 
population density 
should not be viewed as 
an isolated master 
variable. But 
statistically, population 
density did exhibit a 
dominating quality by 
influencing the 
significance of other 
factors. In this study, 
population density was 
an excellent indicator of 
land use intensity and 
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Figure 4-8.  Stream health declines predictably as human 
population density increases.  The decline begins at low densities,
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predictor of general human impact, accounting for 85 to 90% of stream health variation 
in our study.  

Note in Figure 4.8 (page 17) that biological condition drops sharply as population 
increases, until bottoming out when population reaches levels of about 1,000 people per 
square mile. 

Table 4-9 gives our estimates of population densities associated with the 
biological benchmarks. The transition across the Clean Water Act line—from good to fair 
health—occurs at watershed densities of about 55 people per square mile, which 
corresponds to roughly 27 acres per dwelling. Thus, the tendency to fail the aquatic life 
standard occurs at a density value lying at the low end of the exurban range. The 
transition across the persistent impairment line—from fair to poor health—occurs at 
about 210 people per square mile, which corresponds to roughly 7 acres per dwelling. 
Thus, serious biological degradation occurs at a density value lying at the low end of the 
suburban range. The estimates apply to Rivanna subwatersheds and tributaries, (3rd to 5th 
order streams), and assume past and current land use practices, including current patterns 
of relatively dispersed population and housing typical of most of the Rivanna Basin. For 
the analysis behind these estimates, please see Appendix D, sections 4 and 5 (pages 41-
48). 
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2005 population densities of Rivanna 
basin localities. (Year 2000 for Lake 

Monticello).

781

2005 median 
population 
density of 

representative 
Rivanna basin 
subwatersheds

61

2005 Rivanna 
basin population 

density

215

Table 4-9.  Estimated population densities (per square mile) associated with biological benchmarks, 
compared to U.S. census population estimates for the Rivanna basin, subwatersheds, and localities.  The 
Clean Water Act line demarcates streams that do and do not meet regulatory standards.  The persistent 
impairment line demarcates streams that do and do not have reasonable potential to attain biological 

integrity (as defined by regulatory standards).  The biological benchmarks apply only to 3rd through 5th 
order streams in watersheds with dispersed housing and population.  We are unable to estimate 

benchmarks for the mainstem Rivanna River.

Biological condition 
benchmarks

3,62611186125

Population 
densitites 

associated with 
biological 

benchmarks

 
 
In an extensive search of the scientific literature, we found no studies from other 

regions that had sufficient similarity to allow direct comparison with our study. Most 
studies focus on different indicators of watershed disturbance, for example impervious 
surface. Further, there are no national or regional standards of biological impairment. For 
these and other reasons, it is difficult to compare various researchers’ conclusions about 
relationships between specific levels of watershed disturbance and specific levels of 
biological degradation. 

However, a number of recent studies challenge the common perception that 
exurban and lower-density suburban watersheds are exempt from significant degradation 
of stream biological condition. Robinson et al, working in New England, report that 
"degradation of stream ecosystems appears to occur early in the process of watershed 
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urbanization. For example, macroinvertebrates species such as mayflies, stoneflies, and 
caddis flies which are sensitive to urban contaminants and habitat disturbance are reduced 
where as little as 3 percent of the land cover in the watershed is urban and population 
density is less than 300 people per square mile” (Robinson 2001). Deacon and Smith, 
working in New Hampshire, report that in the range of 4% to 15% watershed 
imperviousness, stream benthic communities degenerate rapidly (Deacon and Smith 
2005). Ourso and Frenzel, working in Alaska, report that “. . . [macroinvertebrate 
communities exhibited] threshold responses that correspond to a mean of 4.4 – 5.8% 
impervious area, much lower than mean values reported in other, similar investigations” 
(Ourso and Frenzel 2003). Morse et al, working in Maine, report that “taxonomic 
richness (both total insect and EPT) of insect assemblages showed an abrupt decline as 
[impervious surface] increased above 6%” (Morse 2003). 

According to the Impervious Cover Model (ICM) developed by the Center for 
Watershed Protection (CWP), stream impacts begins at about 10% watershed 
imperviousness, and when imperviousness reaches 25% streams usually do not support 
water quality standards (Schueler 2003). The model is not directly applicable to our 
dataset because it is limited to 3rd order and smaller streams, while many of the streams in 
our study are 4th and 5th order. Nevertheless, the ICM is widely used and may sometimes 
be interpreted to mean that watershed imperviousness under 10% is protective of stream 
health, and that imperviousness ranging from 10 to 25% will usually produce moderate 
stream impacts. This interpretation does not appear to apply to the watersheds of 3rd 
though 5th order Rivanna Basin streams. Though the current StreamWatch report does not 
focus heavily on watershed imperviousness, our analysis does include exploration of 
equivalent impervious surface (see Table 3-1 and Appendix D). The estimated equivalent 
imperviousness of the Rivanna Basin and the average equivalent imperviousness of the 
watersheds of representative tributaries is about five percent. Despite this seemingly 
modest level of imperviousness, about half of Rivanna Basin streams do not meet the 
aquatic life standard. 
 
4.7 – Implications for the Rivanna River 
 
 An important question raised by our analysis concerns the relative effects on the 
mainstem Rivanna River of dispersed versus concentrated land disturbance. Our estimate 
of population density at the persistent impairment benchmark is 210 people per square 
mile. The density of the full Rivanna basin is about 215/square mile, which exceeds the 
threshold. However, we do not apply our population density/persistent impairment 
analysis to the Rivanna mainstem, for two reasons. First, we have only moderate 
confidence in our assessment of the biological health of the mainstem (see Appendix B). 
Second, the population/housing footprint of the whole Rivanna Basin is unlike the 
footprint of the vast majority of Rivanna subwatersheds on which our model is based. 
Because of two population centers—Charlottesville and Lake Monticello—the Rivanna’s 
average density is ~215/square mile while the median density of representative 
subwatersheds is ~60/square mile (Table 4-9). Much of the basin is lightly populated, and 
nearly half of representative streams are biologically intact, with health assessments 
above the Clean Water line. 

Our model suggests that if the Rivanna’s human population were evenly 
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distributed, tributaries’ typical health would lie near the persistent impairment level. As it 
stands, only three of 24 representative streams have assessed health lying below the 
persistent impairment line. So, at least for the rural tributaries, the concentrating of 
population in suburban and urban centers appears to be beneficial. Unclear is the degree 
to which this boon for the tributaries is a curse for the mainstem. It is also unclear 
whether or not land use impacts felt by subwatersheds are softened by the time tributary 
waters reach the mainstem. With moderate confidence, we assess the biological health of 
most of the Rivanna River as fair. Unfortunately, we do not yet possess sufficient data 
and tools to assess the river’s health with high confidence, and we do not yet know if the 
river’s biological health lies near or far from the persistent impairment line. 
  
4.8 Comments on selected sites 
  
  As discussed in Section 3.7, StreamWatch generally considers assessments of 
health at tributary monitoring sites to be representative of the health of most or all of the 
stream. However, in the cases noted below, factors other than watershed land use may be 
affecting health. If these factors are local, site condition may not reflect conditions 
throughout the length of the stream. Supporting analysis is given in Appendix D, Section D-
6. 
 
Cunningham Creek @ 15 – Biological condition at this site (fair) is poorer than expected 
given light watershed population density and land use. 
 
Carroll Creek in Glenmore – Biological condition at this site (poor) is lower than expected 
given watershed population density. Our site is located in the Glenmore subdivision, where 
population density may be higher than in Carroll Creek watershed as a whole. Just upstream 
of our monitoring site, a chronically blocked culvert impounds several hundred yards of 
stream. This unwitting dam could be affecting our sampling results.  
 
Moores Creek near Woolen Mills – Biological condition at this site (very poor) is 
somewhat worse than expected given its watershed’s suburban population levels. Our 
monitoring site is located near the mouth of the creek, where population density is much 
higher than the Moores Creek watershed average. 

Moores Creek receives effluent from Charlottesville’s principal wastewater 
treatment plant. In effect, Moores Creek provides a service to (and bears impacts from) a 
population much greater than that contained within its watershed. Our site is situated 
roughly 1000 yards downstream of the treatment plant outfall.  
 
For two sites we qualify our assessments: 
 
Ivy Creek @ 601 (fair) – Despite plentiful data, we assess Ivy Creek with moderate rather 
than strong confidence. This creek was assessed as poor in our 2004 report. It currently lies 
near the threshold between fair and poor. 
 
Rivanna at Palmyra (fair) – This site meets criteria for the tier, but an extremely low score 
in spring 2004 raises a red flag. 
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4.9 – Stream bank erosion 
 

It is suspected that sedimentation related to stream bank instability and erosion is a 
significant stressor in the Rivanna system (Bowler 2003, Crichton 2004,). A review of 
known field surveys suggests that perhaps 20% to 30% or more of stream banks are 
unstable. A 1979 study conducted by F.X. Browne for Albemarle County at 183 road 
crossings found 43% of stream banks eroded. A 2002 survey of 20 stream miles in 
Albemarle County development areas estimated 15% of banks eroded. StreamWatch’s 
2006 survey of reaches upstream of 27 monitoring sites found about 25% - 30% of banks 
eroded. 
 
4.10 – Seasonality – A discussion of seasonal variation is given in Appendix E, page 51. 
 
5) Impaired streams according to Virginia Department of Environmental Quality 
 
 Table F-4 in Appendix F shows streams currently listed as impaired by the 
Virginia Department of Environmental Quality per the agency’s 2006 draft Water Quality 
Assessment and Impaired Waters Report. 
 
6) StreamWatch sites 
scheduled for follow-up 
monitoring by DEQ 
 
 In response to 
nominations submitted by 
StreamWatch in December 
2005, the Virginia Department 
of Environmental Quality plans 
to conduct follow-up 
monitoring at or near the 19 
below-listed sites. In some 
cases, DEQ stations were 
established prior to our 
nominations, and our 
nominations will help to insure 
continued DEQ monitoring. In 
other cases, DEQ will be 
establishing new sites in 
response to our nominations. 
DEQ monitoring begins in fall 
2006 and will continue through 
2007. The locations of most of 
the sites can be referenced on 
the map in Appendix F, page 
52. 
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7) Recommendations for further study. 
 

Population growth and associated land use change constitute an overarching 
challenge for Rivanna aquatic resource management. This report provides verification of 
the land use/stream health relationship, and explicitly defines watershed population 
density values corresponding with stream biological condition benchmarks. While this 
information can serve as a critical foundation for planning and management, meeting the 
challenge posed by changing land use will also demand further data gathering, research, 
and study. 

 
7.1 – Examine the effectiveness of restoration projects and best-management 
practices. 

 
One area of research should focus on the applicability and effectiveness of local-

scale restoration projects and best management practices. We found distinct differences 
between the behaviors of variables across our complete set as opposed to the subset 
composed of minimally disturbed sites (see Appendix D). For minimally disturbed sites, 
watershed land-use was effectively eliminated as a predictor because this set contains no 
gradient of watershed-scale disturbance values. However it is also appears likely that 
minimal watershed-scale disturbance in this set constitutes the release of a constraint, 
allowing natural and local-scale variables to exert significant independent influence on 
biological condition. The question this raises is “at what point does anthropogenic 
watershed-scale disturbance ‘take over’?” Local-scale restoration projects and best 
management practices may be ineffective when performed in watersheds for which 
landscape-scale factors are overbearing. Before-and-after monitoring of local-scale 
projects is recommended. 
 
7.2 – Refine study of land use effects. 

 
There is a pressing need for an updated and improved GIS land-use analysis of the 

Rivanna Basin. The land use data available for this report did not permit effective 
analysis of agricultural and forestry impacts or the effects of various forms of residential 
and commercial development. While we found strong correlations between biological 
health and equivalent impervious surface, we also discovered weaknesses in the RRBP 
land use analysis that precluded its use as anything more than a coarse indicator of land 
use intensity. In the author’s opinion it may be wise to not finalize designs of any future 
major studies until our biological data, which is current and extensive, can be analyzed 
against new and better land use information. 

Future study of land-use effects should include better accounting of agriculture, 
particularly cattle farming. Map-based data will probably not be sufficient to this task 
because it provides no information about cattle’s direct access to streams. Future study 
should also incorporate soil type to account for possible effects of both soil erodibility 
and soil perviousness. 
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7.3 – Sediment. 

  
Sediment is widely believed to be the major proximate stressor of Rivanna biota. 

Sediment also poses water-supply management problems, and a conversation in the 
Rivanna watershed management community has been underway for some time 
concerning future study of sediment sources and impacts. Sediment is a highly complex 
problem, and an ideal sediment study would address an array of issues including but not 
limited to: 

 
1) The relative contributions of principal sources (Overland? In stream? 

Streambank? Active construction?). 
2) The role of pocket sources (Are a few watersheds generating the bulk of 

sediment?).  
3) The relative biological effects of through-flowing versus deposited 

sediment.  
4) The effectiveness of restoration projects and best management 

practices. 
5) The degree to which sediment processes are governed by watershed-

scale land use.  
 
7.4 – Impact source identification. 
 
 Biomonitoring has historically been used as a tool to identify impairment, but not 
sources of impairment. As the science of biomonitoring advances, the prospects of 
successful impact source identification increase. This prospect should be explored and 
perhaps integrated into program design as Rivanna biomonitoring proceeds. 
 
7.5 – Flow. 
  

Apart from land use intensity, the other dominant variable at play in the Rivanna 
is flow, particularly with respect to flow alteration caused by impoundments and 
withdrawals. While the effects of land use are dispersed across streams of all sizes 
throughout the basin, the effects of flow alteration are a concern principally on major 
streams that arguably constitute the heart of the Rivanna system: Moormans River, the 
North and South Forks of the Rivanna, and the Rivanna proper. Over the past few years, 
The Nature Conservancy, Rivanna Water and Sewer Authority, and others have 
collaborated to significantly advance our understanding of flow requirements. Though 
there remain opportunities for further study of flow effects, the recent collaboration has 
already generated water supply planning that is sensitive to the goal of maintaining 
ecological integrity and sustainability. 



Appendix A – StreamWatch site distribution across Rivanna Basin 
subwatersheds. 

 
Table A-1. Distribution of StreamWatch core sites within nested 

subwatersheds; Spring 2006 report. Streams’ drainage associations flow 
across columns from left to right. Streams marked in large bold italics house 

core program representative biomonitoring sites.  

TRIBUTARIES MAINSTEM 

3rd order. 
Most streams 

not listed. 
(n=approx. 
103). There 
are 6 SW 

sites on 6 of 
~103 streams 

4th order. All Rivanna 
Basin 4th order streams 
(n=26) are listed below. 

There are 10 SW sites on 
10 of 26 streams. 

5th order. All 
Rivanna Basin 

5th order 
streams (n=8) 

are listed below. 
There are 9 SW 
sites on 8 of 8 

streams. 

6th order. All 
Rivanna Basin 

6th order 
streams (n=1) 

are listed 
below. There 

are 6 SW sites 
on one stream. 

Raccoon   
Meadow   
Carroll   

Ballinger   
Long Island   

  Upper Carys 

  Williams 
Carys 

  MF Cunningham 
  SF Cunningham 

Cunningham 

  Buck Island   
  Upper Moores 

  Biscuit Run 
Moores 

  Ivy   
  Upper Mechums 

  Stockton 

  Lickinghole 
  Beaver 

Mechums 

  Upper Moormans 

  Doyles 
  Wards 

Moormans 

  Piney 

  Upper Buck Mtn 
Buck Mtn 

  Fishing   
  Beaverdam (North Fork) 

  Roach/Buffalo River 
Lynch  

  Swift Run 
  Preddy 

North Fork    
(2 sites) 

  Jacks Branch 

  Upper Mechunk 
  Beaverdam (Mechunk) 

  Oliver 

Mechunk 

Mainstem 
and South 

Fork         
 (6 sites) 
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Appendix B - StreamWatch biological condition assessment method – 2006 
 
 Throughout this document the terms “2004” and “2006” are used to refer to 
assessments published during those years. The 2004 assessment used data collected from 
winter 2002/2003 through spring 2004. The 2006 assessment employs uses data collected 
from winter 2003/2004 through fall 2005. 
 
B.1 - Principal changes from the 2004 method: 
 
A) The Adapted Stream Condition Index (ASCI) has been given more weight in the 
procedure. ASCI is a more rigorous bioassessment tool than the Virginia Save Our 
Streams index. 
 
B) A new category called good was added. In the fall 2004 report, we noticed a 
preponderance of sites fell within our fair category. We have also learned that many sites 
we labeled fair would probably be classified as impaired by DEQ. The purpose of adding 
the new category is to divide the set of sites formerly assessed as fair into two categories 
– fair and good. Our dividing line parallels DEQ’s definition of impairment. Thus, 
streams assessed as good or better are likely to support Virginia aquatic life standards, 
and streams assessed as fair or worse are likely to be non-supporting. 
 
C) The bar that defines the upper threshold of the very poor category has been raised with 
respect to ASCI (the SOS definition is the same). Without this 5-point increase in the 
upper threshold of the very poor category, highly degraded urban streams could land in 
the poor category along with less seriously degraded suburban streams. This would be 
deceptive—a function of improper placement of the bar in 2004, not of subsequent 
biological improvement. In 2004, the range of scores defining the category appeared to 
“contain” the urban streams. With more data, it has become apparent that the upper bar 
for this category had been set too low. 
 
D) Now that we have a larger dataset and more familiarity with the behavior of both the 
system and the biological indices we use to evaluate the system, we are assessing 
mainstem sites with somewhat greater confidence. In 2004 the four mainstem sites for 
which we had sufficient data were each assessed in a unique, broad category called “poor 
to fair”. We used this broad category in acknowledgment of our uncertainty about the 
indexes’ applicability to these larger streams. 
 Our mainstem dataset now spans three years and 6 sites. We still see more 
variance in results from core mainstem sites than in core tributary sites (average standard 
deviation of sites’ ASCI score sets for this assessment period: 21 tributary sites = 7.1; 6 
mainstem sites = 13.7. SD for score sets of sites assessed as fair: 9 tributaries = 8.8; 5 
mainstem = 13.4. [More variance is expected for sites falling in the fair category than for 
good and very good sites, which comprise most of the rest of the set. See Appendix C for 
more discussion of stability]). 
 However, we have also detected responses in the mainstem that accord with 
abiotic variables: 1) Scores at mainstem sites improved along with scores from sites 
throughout the watershed in response to flow normalization. 2) Scores downstream of the 
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South Fork Rivanna reservoir and dam are quite low, as we would expect. 3) Scores from 
Fluvanna mainstem sites are higher than scores from sites in the Charlottesville area, as 
we would expect. 
 With knowledge of the above-described responsiveness, we can with reasonable 
confidence assess the mainstem sites using the same categories as the tributary sites, 
rather than using the 2004 assessment’s broader category. However, we still suspect that 
future data and analysis may reveal that health tiers should be customized for 6th order 
streams. Noting this, and noting the higher variance of mainstem sites’ score sets, we 
apply the qualifier “moderate” when describing StreamWatch’s confidence in these 
assessments, even though the depth of our data for these sites is the same or greater as for 
tributary sites we assess with “strong” confidence.  
 
B.2 - Assessment procedure: 
 
 The procedure is modeled after EPA/VaDEQ guidance (see section 5 below). 
Adaptations allow us to take advantage of the use of two indices (see section 4 below). 
 For quality assurance purposes, StreamWatch sometimes collects more than one 
sample from a site during a given sampling season or a given day. To avoid 
overweighting, scores from same-day replicate samples were averaged and treated as a 
single score. Duplicate samples within seasons were averaged to produce a single score 
for the season, but minimums for the season were noted. Seasonal averages were 
employed for that portion of the assessment protocol that deals with averages, and the 
minima, including minima of seasonal scores that were subsequently averaged, were 
employed for that portion of the assessment protocol that deals with minima. 
 Most of the assessments we report are for core program sites. These are sites we 
sample consistently, and plan to monitor long-term. Some assessments are given for non-
core sites, and for new core sites for which we possess only a few samples. For sites we 
assess with “strong” confidence, including most core program sites, average and 
minimum numbers of samples per site are 5.8 and 3. For sites we assess with “moderate” 
confidence, average and minimum numbers of samples per site are 2.1 and 2. Mainstem 
sites are a special case, as described in section 1.D above. 
 Using biological index scores, a stepwise assessment procedure was followed to 
arrive at the final assessment: 
 
Step 1) Assign to category based on average Virginia Save Our Streams (VaSOS) score. 
(See Table A-1 below).  
 
Step 2) Demotions. 
 
 Inspect minimum ASCI scores for each site. Reduce assessment by one tier (e.g. 
good becomes fair) if for any one sample the minimum ASCI score lies substantially  
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below the lower threshold for the 
category (5 or more points). Reduce 
assessment by one tier if two or more 
samples fall below threshold by any 
amount according to ASCI. (See Table 
A-1 for ASCI thresholds). 
 Note that demotions generally 
consist of a drop of only one tier, 
regardless of the value of the low 
score(s). However, for sites initially 
assessed as very good, demotion may 
drop 2 tiers if the low score(s) so 
indicate. The numerical range defining 
good, the tier that lies below very good, 
is narrow. It is realistic to expect that 
some sites initially categorized as very 
good based on average scores may have 

some low scores that fall into the fair range (two tiers below very good). Fair suggests the 
site/stream is non-supporting by Virginia standards. Since the bar between supporting and 
non-supporting is highly important in the context of management and politics, we need to 
give special attention to sites producing scores that hover around that bar. 
 We do not base assessments on SOS scores alone, and we do not ascribe to 
Virginia Save Our Streams’ score-based characterization of ecological health (6 and 
under = “unacceptable”, 7 and over = “acceptable”). Sites with discrete or average SOS 
scores of 7 and above are not necessarily ecologically “acceptable” by StreamWatch 
standards. 
 
Step 3) Promotions from status after step 2. 
 
 a) Is average SOS score or average ASCI score near upper threshold (within 0.5 
SOS or 5 ASCI) of category after step 2? If no, stop. If yes, continue to 3b.  
 
 b) Do all samples during 2nd half of assessment period show strong evidence of 
recovery, exceeding the candidate category’s lower threshold by at least 5 ASCI points? 
These must comprise half or more of the sample set, and must include strong scores from 
both spring and fall of the latter year. 
 
 Note: Sites demoted in step 2 can be promoted in step 3. The effect of step 3 is to 
“read” possible recovery evinced by a significant upward trend in the latter half of the 
sampling period. 
 
Condensed procedure: 
 
1) Assign initial category based on average SOS score. 
 
2) Test for demotion:  

Table A-1. Ranges of biological index scores 
associated with health categories. The site’s 

average VaSOS score directs initial 
categorization. Discrete ASCI scores can 
cause demotion or promotion (see text). 

Ranges of average scores 

VaSOS ASCI 
Health 

10 and over 61.3 and over Very good 

9.0 - 9.9 55.1 - 61.2 Good 

7.0 - 8.9 40.0 - 55.0 Fair 

6.0 - 6.9 25.1 - 39.9 Poor 

0.0 - 5.9 0.0 - 25 Very poor 
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 a) is 1 sample 5 or more points below threshold according to ASCI? 
 b) are 2 or more samples below threshold by any amount according to ASCI? 
 
3) Test for promotion: 
 a) is average SOS or ASCI borderline (within 0.5 SOS or 5 ASCI of upper end)? 
 b) if yes, are samples during 2nd half above basement threshold of candidate   
  category by more than 5 ASCI points? 
 
B.3 - Are assessments from the two periods comparable, given the change in 
assessment procedure? 
 
 Yes. The two assessment methods are essentially calibrated against the same 
baseline. 
 To begin this discussion we need to recognize that biological conditions improved 
throughout the watershed across the period spanning the 2004 and 2006 assessments (see 
Section 4.4 of main body of report). Though consistent, the general improvement was 
modest. Consequently, even though about 85% of sites’ average scores improved, most 
sites’ assessment values (fair, poor, etc.) did not change. However, assessment values for 
8 of 25 core program tributary and mainstem sites for which data were available from 
both periods did change; 7 for the better, one for the worse. 
 Three of the sites that changed were mainstem sites, and their average scores each 
increased significantly. For these we are not concerned about the possible effect of 
procedural changes on comparability. The improvements were real, and conditions during 
the two periods were properly characterized by the respective assessments. 
 For the other five sites, all on tributaries, 2004 average scores for each site were 
located near thresholds defining upper or lower boundaries of health tiers. Though the 
tiers and the procedure for determining sites’ assessed health are designed to reflect 
significant biological differences between sites or over time, it is impossible to always 
factor out sampling error and noise. Given the borderline characteristics of the sites in 
question, we attempted to discern whether changes in assessed health were the result of 
noise, procedural changes, or real biological change. We performed non-parametric tests 
on core tributary sites to compare each site’s average score across each of the two 
assessment periods. The tests were inconclusive. The number of cases (samples) for each 
site within assessment periods was about 5, and small differences in averages for these 
small datasets did not generate revealing probability values. 
 We also analyzed for comparability by examining respective outputs of the two 
different methods. When we applied the new method to the 2004 data set the resulting 
assessment values were the same as had been generated by the old method. When we 
applied both methods to the 2006 core tributary dataset we received some different 
results: By the old method, 3 sites would have shown improvement since 2004, and 4 
sites would have worsened. By the new method, 4 sites showed improvement, and one 
has declined. The pattern reflected by the new method’s output is more consistent with 
observed improvement in overall watershed conditions than the pattern produced by the 
old method. 
 One phase of the assessment procedure entails examination of minimum scores. A 
low minimum score can trigger demotion to a lower category. The declines produced by 
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the old method would have been driven by low SOS scores, which were employed during 
this step in the older assessment procedure. However, we know that SOS is noisy—
substantially noisier than ASCI. (Average coefficients of variation for score sets from 
each of 24 tributary sites from this assessment period: SOS = 18; ASCI = 14. This set 
was selected as follows: 4 or more samples AND land use data available = “yes”. For the 
nine streams assessed as fair, SOS and ASCI respective coefficients of variation were 22 
and 16. [More variation is expected in scores from fair sites.] ASCI’s greater precision 
and consequent conservatism is also demonstrated by the fact that rankings based on 
average ASCI scores are more consistent year-to-year than rankings based on SOS 
scores. Finally, single-sample SOS scores are not as precise a measure of biological 
condition as single-sample ASCI scores. In Pearson correlation tests with abiotic 
variables (watershed land use and population density) performed on our dataset through 
spring 2004, r values for SOS ranged from 0.34 to 0.47, while r values for ASCI ranged 
from 0.57 to 0.73. ASCI is an eight-metric system requiring family level identification of 
specimens. SOS is a 6-metric system requiring mostly order-level identification of 
specimens). 
 In 2004 we generally possessed ASCI scores for only 2 of the assessment 
dataset’s 5 samples. In 2006 we generally possess ASCI for 6 of 6 samples. Now that we 
have the sharper tool, we should use it. As such, promotions and demotions are triggered 
exclusively by ASCI scores in the new procedure. 
 Though the two methods generate slightly different results, the likely source of 
most of that difference is SOS’s imprecision. Again, assessments produced by the old 
method would have suggested more decline than improvement, even though average 
scores actually increased at 85% of sites. 
 This is not to say that the old method generated erroneous assessments in 2004. 
The 2004 method was built to accommodate the dataset at hand, using the tools at hand. 
It accurately portrayed the relative conditions of streams, and the 2004 assessment 
remains our baseline and point of reference. Alterations of the method are designed to 
detect whether or not conditions have changed from the starting point. It is interesting to 
find that by altering (upgrading) our assessment technique, we can better achieve 
comparability of results across periods than if we were to apply the old technique to both 
datasets. 
 
B.4 - Use of two indexes 
 
 As previously mentioned, this procedure is modeled after EPA/DEQ’s assessment 
method. Having two sets of scores (VaSOS and ASCI) motivates some adaptations. The 
first cut at assessment is based on average VaSOS scores by convention. (For the 
program’s first assessment, SOS scores constituted the largest dataset). 
 VaSOS scores are more variable than ASCI scores, but average VaSOS scores 
correlate highly with average ASCI scores (r=0.88). Either index would be suitable as a 
starting place for the procedure; the final outcome is driven by ASCI scores and remains 
constant regardless of which index is used to set initial categories. It is desirable to 
continue to use and report average SOS scores because 1) volunteers understand SOS 
better than ASCI, and 2) if the program ever loses capacity to employ ASCI we will have 
a better chance of achieving greater consistency in our assessments if we will have 
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retained use of SOS.  
   
B.5 - DEQ biological condition assessment procedure 
 
 Formerly, DEQ used an averaging approach, unless there was a detectable trend, 
in which case they added weight to more recent results within a site’s dataset. 
 DEQ’s present method was used for its year 2004 and year 2006 305(b) 
assessment cycles, each of which based assessments on data collected during five-year 
windows ending in the second year preceding report publication. The method is 
Virginia’s version of EPA’s RBP II method (Van Wart 2004, Barbour 1999). Multimetric 
index scores are compared to scores from regional reference streams (least disturbed 
streams), generating comparability values that fall into four possible categories: 
unimpaired, slightly impaired, moderately impaired, and severely impaired. If average 
results fall below the threshold marking moderate impairment, or if either of two most 
recent samples within the five-year assessment period indicates moderate or severe 
impairment, the stream will be listed as impaired. Best professional judgment can 
override a poor result, but this must be documented. Slightly impaired streams are not 
listed (VanWart 2004). 
 If average scores fall below the moderate impairment threshold, but either of two 
of the most recent samples are good, the stream can be delisted, but only if average scores 
are near the threshold (borderline). 
 Gaps in the data record may mean that the most recent samples in a site’s dataset 
were not necessarily collected near the end of the assessment period. 
 For the 2008 report, DEQ will abandon use of RBP II and will adopt a single 
criterion system whereby a stream will be classified using the new Virginia Stream 
Condition Index (VSCI). Regional reference streams will not be used, and the VSCI 
score(s) alone will direct placement into one of just two categories: impaired or 
unimpaired. The threshold demarcating the two categories has not yet been officially set, 
but DEQ’s internal recommendation is shown below (Hill 2006). 
 

VSCI score Relationship to aquatic life use standard

63 and above not impaired

55.1 - 62.9 grey area; stream will not be listed or delisted 
based on scores in this range

55 and below impaired
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Appendix C - Summary characteristics of biological communities across 
StreamWatch health categories 

 
Numerical generalities given in Table C-1, C-3, and Figure C-2 support the 

narrative descriptions of StreamWatch health tiers given in Section 3.6, and provide 
further insight into the characteristics of the tiers. The analysis was drawn from data from 
all tributary sites assessed with strong or moderate confidence for the 2006 report (29 
sites, 153 samples). 
 The bars separating health tiers are somewhat artificial inasmuch as they are 
derived for human purposes. In the real world, differences between and changes within 
stream communities often occur along a continuum of subtle and complicated responses 
to ecological conditions. Though some changes can be abrupt, and though distinctions 
between communities occupying distant points on the continuum are obvious, it is often 
impossible to identify objective biological criteria that tell us precisely when a 
community has “crossed a line” from one health classification to another. However, even 
though natural boundaries are not sharp, environmental managers need to draw lines for 
practical reasons such as conservation prioritization, education, regulation, land use 
planning, etc. The placement of bars is an inescapably value-laden process, and yet 
indispensable. 

The StreamWatch tiers were initially established for the program’s fall 2004 
report based on several rationales, including the frequency distribution of average scores, 
conformity with Virginia Save Our Streams categories, and conformity with 
recommended tiers for DEQ (SCI) index scores . Assessment criteria and methods have 
evolved since the 2004 report, but are calibrated against a consistent baseline, allowing 
comparison between past and current StreamWatch assessments (see Appendix A, 
section 3). 

As shown in Table C-1, the differences in raw metric values between adjacent 
categories can be small. For the selected set of metrics, and for all metrics of the Adapted 
Stream Condition Index, the sharpest breaks occur most often between the categories fair 
and poor, with breaks between poor and very poor running a close second. For ASCI as a 
whole, the sharpest difference occurs between poor and very poor, with the break 
between fair and poor running a close second (Figure C-2). Breaks between very good, 
good, and fair are smaller. The question of whether or not the smaller breaks are less 
biologically significant than the larger breaks is a matter of perspective. For example, 
from one point of view, the loss of a particularly indicative taxon would be highly 
significant, while from another perspective, the loss would not be significant if trophic 
structure or guild representation remained consistent. Our health tiers are based on 
analyses of scores generated by multimetric indexes composed of measures of richness, 
evenness, pollution tolerance, and trophic structure. For the purposes of this report’s 
analyses, and for the purpose of health classification in the context of conservation and 
management, we assume the tiers mark significant biological differences. 

Our data suggest that streams in poor or fair condition may experience more score 
fluctuation than streams in either good/very good or very poor condition. We illustrate 
this pattern in Figures C-6 and C-7 and Tables C-8 and C-9, produced from an analysis of 
154 spring and fall samples collected at 24 sites over a 3½-year period from spring 2003 
through spring 2006. We assessed site health by the same procedure as that used for the 
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assessments published in this report (see Appendix B), but the method was applied to a 
more temporally extensive dataset (3.5 years for the stability analysis versus 2 years for 
the assessments calculated for this 2006 stream conditions report). Though covering a 
longer time period, the average number of samples per site (~6) for the stability analysis 
was not tremendously greater than the average number of samples per site for the report’s 
assessments (~5). This is because winter samples were culled for the stability analysis but 
were included in the two-year assessment. Our winter datasets are not as complete as 
spring and fall, and it was assumed that culling winter scores would create a more 
consistent dataset for the purposes of analyzing stability. 

We calculated the standard deviations of score sets for each of the 24 sites. Score 
sets with high standard deviations reflect substantial instability in the form of relatively 
substantial score variance or “bounce”. As shown in Figures C-6 and C-7, healthier 
stream communities (good and very good) tend to be relatively stable with high diversity, 
the poorest communities tend to be relatively stable with low diversity, and the 
intermediate communities tend to be relatively unstable with medium diversity. 
Simultaneously, the stable biological communities occur in very lightly and very heavily 
populated watersheds, while the less stable communities occur in moderate and medium-
density watersheds. The pattern is illustrated in numerical form in Tables C-8 and C-9. 

For modeling purposes, we subdivided the fair and good categories, and assigned 
numerical values to all tiers. Rather than assigning values based simply on rank, we 
plotted average scores of sites in each tier against tier ranks and derived values based on 
the regression curve (Table C-3, Figure C-4). This approach yielded better numerical 
representations of health categories than either rank values or average scores alone. Rank 
values do not account for unequal distances between tiers, and average values of sites 
within tiers do not account for qualitative differences between tiers, particularly 
differences in stability. 

 Table C-1 and Figure C-5 give characteristics of tiers in terms of taxa richness, 
relative abundances, and presence/absence of highly sensitive organisms. In the author’s 
opinion, the five StreamWatch tiers may correspond well to tiers 2 through 6 of the 
Biological Condition Gradient proposed by the Environmental Protection Agency’s 
Health and Ecological Criteria Division (Figure C-7). The developers of the Biological 
Condition Gradient aim to establish criteria for aquatic life tiers that can be adapted by 
regions throughout the United States (Jackson 2005, Davies and Jackson 2006). It would 
be valuable to conduct in-depth analyses of the StreamWatch dataset to further explore 
the comparability of StreamWatch tiers and the proposed Biological Condition Gradient. 

A StreamWatch assessment—that is, the process of determining to which health 
tier a given site belongs—is a procedure based on analysis of the site’s several 
multimetric index scores, as described in Appendix B. Index scores, in turn, are 
summaries of metrics that measure various aspects of the community. Because of 
sampling error and natural variation, a single metric is less reliable as a health indicator 
than multiple metrics. Similarly, a single multimetric score is less reliable than a set of 
scores. At each step on the path from raw data to assessment, subtle information is lost as 
data are amassed and summarized in the interest of general application. Significant 
opportunities exist for StreamWatch data to be analyzed for purposes other than general 
health assessment. 
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VaSOS 
metric

# of families

# of mayfly, 
stonefly, and 

caddisfly 
families

% 2 
dominant 
families

Hilsenhoff 
biotic index

% mayflies, 
stoneflies, 

and 
caddisflies

% Virginia 
SOS 

tolerant, plus 
netspinners

# of very 
sensitive 
families

4 / 23 very good 16.6 8.7 54.8 4.4 45.2 36.4 4.5
9 / 44 good 16.0 8.2 60.2 4.5 41.6 41.8 3.9

10 / 61 fair 14.6 7.5 65.3 5.0 30.7 60.3 3.5
3 / 12 poor 12.3 4.0 77.5 5.6 7.6 73.6 0.7
3 / 13 very poor 6.0 1.5 87.3 6.1 0.3 96.8 0.2

ASCI metrics SW metrics

Table C-1.  Average raw values of selected metrics from samples grouped according to SW health 
categories.  Cells highlighted in grey show locations of sharpest differences across health categories.  

For this selected set of metrics, and for all metrics of the ASCI, the sharpest breaks occur most 
frequently between the categories "fair" and "poor."

SW health 
categoy

Number of 
sites and 
samples

 
 

Figure C-2.  Average multimetric index (ASCI) 
scores of samples grouped by SW health tiers.
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Category Rank
Average 

ASCI 
score

Category value 
derived from 
curve of avg 
score versus 

rank

Very good 7 68 6.8

High good 6 63 6.4

Low good 5 60 6.0

High fair 4 59 5.5

Low fair 3 48 4.9

Poor 2 38 4.0

Very poor 1 25 2.4

Table C-3.  Refined health categories and 
respective numerical values used for effects 

analyses. 

 
 

Figure C-4. Relationship between tier rank and 
average scores from sites within respective tiers. 

Points nearly form a perfect logarithmic curve.
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Figure C-5.  Frequencies with which given minimum numbers of very 
sensitive families occur in samples from sites with different SW health 
statuses.  "Very sensitive" = tolerance of 2 or lower on Virginia DEQ's 

version of Hilsenhoff scale.
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Figure C-6. Relationships between watershed disturbance, assessed 
health, and index score stability. Streams in medium density  

watersheds (~55 to 800 people per square mile) tend to have fair or poor 
health (yellow and red), and tend to experience more score variation 
than streams in lightly or heavily populated watersheds. Biological 

condition, as reflected by index scores, tends to be more stable in very 
degraded urban streams (black) and healthy rural streams (blue and 

green). 
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Figure C-7. Data here are the same as in figure C-6, but population 

density values are converted to their natural log equivalents, allowing 
application of a 2nd-order polynomial fit line to help highlight the nature 
of the relationship between watershed disturbance and stability of index 
scores from sets of samples at sites. The healthier stream communities 

(blue and green) tend to be relatively stable with high diversity, the most 
degraded communities (black) tend to be relatively stable with low 

diversity, and the fair and poor communities (yellow and red) 
intermediate communities tend to be relatively unstable with medium to 

low diversity.
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Assessed 
biological 

health

Average 
standard 
deviation

n

Very Good 5.0 3
Good 6.3 6
Fair 8.4 9
Poor 11.9 3

Very poor 6.3 3

Table C-9. Average of standard 
deviation of ASCI index scores for 

sites per health tier. Standard 
deviations for score sets of each 

site were calculated, and then 
standard deviations of sites within 
each health class were averaged.

 
 
 

 
 
 

Figure C-10. Biological condition gradient 

Watershed type, defined by 
population density (per 

square mile)

Average 
standard 
deviation

n

Rural (up to 40/sq/mile) 4.8 6

Exurban (40 - 160) 8.2 11

Suburban (160 -1000) 10.4 5

Urban (1000 or more) 6.1 2

Table C-8. Average of standard deviation of ASCI 
index scores for sites per watershed type. 

Standard deviations for score sets of each site 
were calculated, and then standard deviations of 
sites within each watershed class were averaged.
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Appendix D. Predictors of biological health; human population densities associated 
with biological benchmarks. 

 
 
D.1. OVERVIEW 
 
 This appendix explains the development of models and other analyses used to 
illustrate general correlations between ecological variables and biological condition at 
StreamWatch monitoring sites, to identify predictors of biological condition, to examine 
the performance of streams on a case-by-case basis (particularly those that do not initially 
fit expectations), and to estimate quantifiable landscape disturbance levels associated 
with biological condition benchmarks. 
 
D.2. DATA 
 
D.2.a. Local habitat data. Local habitat data for most sites were gathered during 
February 2006, using the RBP II rapid visual assessment method (Barbour 1999). Data 
for a few sites were gathered in 2004 and 2005. Values for 2 sites were estimated from 
off site (Schencks Branch and Biscuit Run). 

Data were recorded for 9 of 10 RBP parameters. “Channel flow status” was excluded. 
In addition to individual local parameters, two suites of combined local parameters were 
assembled and treated as distinct variables. The first suite was composed of all 9 
measures, the second suite was composed of 4 parameters that were suspected to be 
strong predictors of biological health. Local habitat variables are listed below.  

 
Local habitat rapid visual assessment parameters: 
 
Epifaunal substrate 
Embeddedness 
Sediment deposition 
Frequency of riffles and bends 
Bank stability 
Channel alteration 
Velocity/depth regime 
Bank vegetative protection 
Width and integrity of riparian vegetative zone 
Suite of 9 parameters (all of the above) 
Suite of 4 parameters (epifaunal substrate, sediment deposition, bank stability, riparian 

vegetative zone) 
  
Local habitat data represent riparian and in-stream habitat quality at the reach scale. 

Each habitat feature is inspected visually and a score ranging from zero to twenty is 
applied, with higher scores for better conditions. No instruments are used, and the process 
is subject to investigator bias. All StreamWatch local habitat data are collected by the 
program’s staff ecologist.  
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D.2.b. Watershed land use data per mapping analyses. Watershed terminations were 
defined by biomonitoring sites. Geographic information system tools were applied to 
derive land use and land cover characteristics for each site-defined watershed. All 
parameters used in modeling are listed below, followed by background information about 
the three most important parameters (forest cover, population density, equivalent 
impervious surface). 
 
Watershed-scale land use parameters: 
 
Population density 
Percent non-forest (Virginia Department of Forestry) 
Percent non-forest (Rivanna River Basin Project) 
Percent 1-acre residential 
Percent residential (aggregate of all residential classes) 
Percent ungrazed pasture/shrubland 
Percent grazed pasture/golf course/lawn 
Percent heavily grazed pasture 
Percent agriculture (cropland, orchard, grazed pasture/golf course/lawn, heavily grazed 

pasture) 
Percent equivalent impervious surface 
 
Forest cover (percent forested/unforested). 2000 Virginia forest land cover, as given in 
the Virginia Department of Forestry’s 2002 Forest Inventory and Analysis (Virginia DOF 
2002). 
 
Population density (people per square mile). 2000 census. Census block populations were 
apportioned to watersheds according to building centroids: The percentage of a census 
block’s centroids located in the portion of the block overlapping a watershed was 
calculated, and this value was used to estimate the percentage of the census block’s 
population that lay within the given watershed. In areas where building centroid data 
were unavailable (primarily Fluvanna County), population apportionment was based 
simply on the percentage of land area of the census block that lay in the watershed. 

For five watersheds, (Buck Island Creek near 620, Carys Creek, Mechunk Creek @ 
600, Roach/Buffalo River, and Wards Creek), population was estimated based on land 
use correspondence curves and comparison with associated watersheds. These 
sites/watersheds were included in basin class analysis (section D.2.c of this appendix), 
but not in regression modeling. 

 
Equivalent percent impervious; land use classifications. 1998 land use analysis of the 
entire Rivanna Basin by the Rivanna River Basin Project (RRBP), as described in the 
State of the Basin Report (Thomas Jefferson Planning District Commission 1998). Land 
use categories included several residential classes (1 acre residence, ¼ acre residences, 
townhouses, etc.), agricultural uses (grazed pasture, cropland, etc.), forest cover, and 
others. 

The RRBP analysis estimated equivalent imperviousness for each land use type. To 
estimate land use for each StreamWatch site-defined watershed, catchment boundaries 
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were superimposed on the RRBP layer and land use values within the boundaries were 
calculated. This analysis provided estimates of overall imperviousness as well as 
estimates of percentages of land use types. 

Some variables were combined into suites that were treated as additional new 
variables. For instance, percentage coverage of various significant agricultural land uses 
were summed to give “percent heavy agriculture.”  

Much of the data for the RRBP land use analysis are now more than ten years out of 
date. The land use variables considered for this analysis are listed on the preceding page. 

 
D.2.c. Basin classification.  

 
We classified site-defined watersheds on the basis of population density. The 

population density of each subwatershed was estimated as described above. Our 
classifications followed Theobald (Theobald 2001, 2003, 2004), with slight modifications 
in the estimated average housing density of each class to account for local demographics 
(we estimated 2.3 persons per dwelling rather than 2.5, and thus a slightly greater number 
of dwellings per unit area than Theobald). In estimating the average number of people per 
dwelling throughout the Rivanna watershed we calculated the proportion of the 
watershed comprised by each locality and averaged census data accordingly. 

We define rural watersheds as catchments with population densities of no more than 
40 people per square mile. Exurban basins have 40 to 160 people per square mile; 
suburban basins range from 160 to 1000 per square mile, and urban basins have densities 
of 1000 per square mile and over (see Table 4-7 on page16). We estimated dwelling 
density, in terms of acres per unit, based on U.S. census data for Albemarle, Fluvanna, 
and Greene counties and Charlottesville.  
 
D.2.d. Natural watershed features.  
 

Watershed slope analysis, based on digital elevation modeling, was performed by the 
GIS technician of the Charlottesville office of The Nature Conservancy. For this report, 
the potential effects of two slope classes were considered: percent of watershed with a 
slope of less than 15% and percent of watershed with a slope of more than 25%. For five 
watersheds, slope was estimated from map inspection and comparison with similar 
watersheds (see D.2.b) 

Stream order determinations were made by The Nature Conservancy. First-order 
streams were defined as any permanent stream channel, whether wetted intermittently or 
permanently. 

Watershed area values were determined by The Nature Conservancy.  
 
D.2.e. Effluent. Effluent impact (ei) was coarsely estimated with the formula 
 

ei=(1/D) x S 
 
Where D equals the distance in kilometers between the effluent source and S equals the 
estimated size class of the wastewater treatment plant: large (S=2) and small (S=1). 
When multiple waste treatment plant occurred upstream of a site, ei was calculated for 
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each facility and the values were summed. A value of “0” meant no treatment plant was 
situated upstream of the site. Six of 27 sites had estimated impacts of greater than zero. 
  
D.2.f. Biological data. See Sections 3.1 through 3.6, Appendix B, and Appendix C. 
 
D.2.g. Data transformations. When correlations were apparent or were believed likely, 
data transformations were performed to produce best linear fits for regression models. 

 
D.3. DATA SUBSETS 
 
D.3.a. Data splitting for model verification.  
  
 For model verification purposes, biological data were split into two sets. The split 
was not random, and to be sure that each of several stream and catchment types were 
represented in each of the two sets, sites were categorized according to population density 
and forest cover as shown below. 
 
 Type 1) population < 100, forest > 75% 
 Type 2) population < 100, forest < 75% 
 Type 3) population between 100 and 500, forest ! 65% 
 Type 4) population >500 
  
D.3.b. Minimally disturbed streams. 
 

Exploratory analysis suggested that biological communities at sites stationed in 
watersheds with minimal land disturbance may be more sensitive to local-scale variables 
and natural variables than sites in moderately to substantially disturbed watersheds. To 
further examine this possibility, a “minimally disturbed” subset was identified based on 
aggregate landscape-scale disturbance. Standard scores for the three land use variables 
were summed. This set of sums was standardized, and the standard scores served to rank 
watersheds from least to most disturbed. The initial intent was to split the set of 27 non-
urban tributary sites “50/50” to produce a somewhat arbitrarily defined “minimally 
disturbed” subset, but a natural break near the split point was apparent, and the selected 
subset ultimately consisted of 12 sites/watersheds. These watersheds all had population 
densities of fewer than 50 people per square mile and forest cover exceeding eighty 
percent. 
 
D.4. MODELS. 
 
D.4.a. Factor selection. 
 

Spearman correlation matrices were assembled for a set comprising all 27 tributaries 
for which we possessed sufficient data and for a subset comprising 12 minimally 
disturbed tributaries. 

In the set of 27 tributaries, most local habitat parameters showed little or no 
correlation with biological condition, natural basin features, or watershed-scale land use 
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parameters. The notable standout was embeddedness, which exhibited weak but 
significant correlation with biological condition and watershed-scale land use measures. 
The suite of 9 exhibited weak correlation with biological condition and land use. The 
suite of 4 showed no relationship with biological condition. 

In the set of 27, natural watershed features did not correlate with biological health or 
with other potential explanatory variables. The three major anthropogenic land use 
variables (percent non-forest, population density, and percent equivalent impervious 
surface) correlated strongly with biological health and with each other, and moderately 
with some local habitat parameters. Of the major land use variables, the strongest 
correlate with biological health was population density (Spearman’s rho = -0.92, 
p<0.001). One-acre residential and aggregate residential each correlated strongly with 
biological health, and also with the three major land use variables. Agricultural land use 
demonstrated no correlation with biological condition. 

Following the above-described initial screening, covariance and partial 
correlations were considered. For the full data set, as noted above, the three major 
watershed-scale land use variables were highly correlated with each other. Human 
population density was the strongest predictor of stream biological condition, and when 
controlling for population density, the predictive strength of the other land use variables 
waned substantially. Aggregate residential maintained moderate correlative strength. 
Embeddedness became statistically insignificant. Controlling for population density also 
caused the correlative strength of some variables to increase. At this stage, possible weak 
factors were effluent, frequency of riffles, and stream order.  

The final step in factor selection was to consider the inclusion of the moderate and 
weak factors along with population density in multiple regression models. The strongest 
candidate in this regard was percent aggregate residential area, but further exploration 
revealed significant inconsistencies in the RRBP analysis that generated the residential 
land cover data. Stream order was eliminated when it performed erratically in the model 
fitting stage described below. 

In the set of 12 minimally disturbed streams, anthropogenic land use features 
showed no correlation with biological health. Two local habitat parameters—substrate 
embeddedness and deposited sediment—correlated moderately with health, as did the 
suite of all nine local variables combined. One local measure—frequency of riffles—
exhibited fairly robust correlation (Spearman’s rho = 0.74, p<0.01). Stream order 
correlated negatively with health (Spearman’s rho = -0.72, p<0.01). The variables that 
held up through partial correlation tests were frequency of riffles and stream order. 
 
D.4.b. Model fitting; stability. Data from the 27-site set were split 70% - 30% to create 
a model development set and a model verification set (see D.3.a). Two models were fitted 
to the development set: 1) a single-factor model that predicts biological condition solely 
on the basis of population density, and 2) a 3-factor multiple regression model that 
predicts biological condition on the basis of population density, riffle frequency, and 
suspected effluent impact. 

The single-factor model performed consistently in both the development and 
verification settings: Standard deviations and means of absolute values of residuals for 
the development and verification sets were 0.57/0.49 and 0.38/0.36, respectively. A plot 
showing regressions from the development and verification sets is shown in Figure D-1. 
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Figure D-2 shows the how the model derived from the development set performs on both 
the development set and the verification set. 

 
Having verified reasonable stability, the model was refitted using the complete 27-

case dataset. 
The multiple regression model was fitted, verified, and refitted via the same process 

as described above for the single-factor model. 
For the subset composed of 12 minimally disturbed streams, a 2-factor multiple 

regression model was fitted using all 12 cases; no verification was possible given the 
small size of the dataset. 

 
D.4.c. Description and evaluation of models. 
 

The single-factor model is a power 
curve relating biological condition to 
human population density. The 
dependent variable, biological health, 
is expressed as any one of seven semi-
continuous values ranging from 2.42 to 
6.76 with highest being best (see 
Appendix C). Model output values are 
not constrained to the semi-continuous 
format of actual assessed biological 
condition, and range from 2.11 to 7.19. 
The regression’s R-square and 
adjusted R-square are 0.89 and 0.88, 
respectively, with p<0.001. 

Population density ranges 

Figure D-1.  Model verification.  Behavior and 
formulas of regressions in the development and 

verification sets are similar.
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R2 = 0.87
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Figure D-2.  Model verification: Predicted biological 
condition plotted against observed biological condition for 

development and verification datasets.

Figure D-3.  Biological condition vs population 
density; full range of data.
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widely—from 18 to over 6000 people per square mile. Two differently-scaled plots of the 
model are shown in Figures D-3 and D-4. (Figure D-4 excludes four urban sites with high 
population values and allows examination of data in the range of greatest interest). 
 

Figure D-4.  Biological condition vs population 
density; most heavily urbanized watersheds not 

shown.
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 The 3-factor multiple regression model predicts biological condition on the basis 
of the natural log of population density, suspected effluent impact, and frequency of 
riffles. R-square for the model is 0.88, adjusted R-square is 0.86, with p<0.001. As can be 
seen in Table D-5, population density is far and away the dominant predictor; effluent 
and riffle frequency are very weak factors. 
 

 

Table D-5. Coefficients and partial correlations for variables composing 3-factor multiple regression model.a

8.809 .578 15.241 .000
-.851 .070 -.903 -12.192 .000 -.927 -.931 -.885
.023 .030 .057 .747 .462 .126 .154 .054

-.149 .105 -.111 -1.421 .169 -.307 -.284 -.103

(Constant)
ln pop
Frequency of riffles
effluent

Model
1

B Std. Error

Unstandardized
Coefficients

Beta

Standardized
Coefficients

t Sig. Zero-order Partial Part
Correlations

Dependent Variable: bio healtha. 
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The model based on riffle frequency and stream order was applied only to minimally 
disturbed streams. The model’s R-square is 0.67, adjusted R-square is 0.59, with p<0.01. 
The model is described in Table D-6. 

 
The single-factor and 3-factors models had very similar outputs, and their predictive 

strength was virtually identical, with accuracy rates of 89% when predicting coarse health 
categories (poor or worse, fair, good or better) and 66% when predicting refined 
categories (very poor, poor, fair, good, very good). The close similarity in output is 
presumably due to population density’s strength as a factor. Essentially, the three-factor 
multiple regression model is operating as a single factor model because population is so 
domineering. The biggest distinction between the models is not the presence/absence of 
the two additional factors, but rather the line form used by the respective models. 
Multiple regression models are based on straight-line linear regressions. The single-factor 
model is a power curve. Ultimately, it was determined that the curved-line model better 
represented observed relationships, as discussed in section D.5 below. 

The population-driven models are weakest at the extreme low end of the population 
spectrum. Figure D-4 helps illustrate why: As population decreases to levels below ~50 
per square mile, the regression vector projects continuing biological improvement that 
does not in fact occur in our dataset. This weakness does not confound our estimates of 
land use effects across the complete range of data, but future analytical efforts aimed at 
refining understanding of processes in least-disturbed watersheds should consider using a 
logistics curve to model the flattening of biological condition improvement within this 
range.  

 
D.5. ESTIMATION OF HUMAN POPULATION DENSITIES ASSOCIATED 
WITH BIOLOGICAL CONDITION BENCHMARKS 
 
 Two biological condition benchmarks are given focus in this report. The first, 
called the Clean Water line, distinguishes streams that do and do not meet water quality 
standards. The biological condition value of this benchmark is defined as 5.76—halfway 
between the values for fair and good. The second, called the persistent impairment line, 
marks the estimated point of degradation beyond which streams are unlikely to regain 
supporting status, assuming current human behavior. The value of this benchmark is 
defined as 4.42—halfway between the values of “low fair” and “poor.” 
 Defining the biological condition value of the Clean Water line was a 
straightforward task inasmuch as we set this bar to follow the forthcoming Virginia 
aquatic life standard. Defining the value of the persistent impairment line, however, is not 
so straightforward because theoretically any stream can regain biological integrity if 

Table D-6.  Coefficients and partial correlations for variables composing 2-factor model.a

6.714 .810 8.285 .000
.058 .031 .386 1.861 .096 .608 .527 .358

-.346 .122 -.589 -2.835 .020 -.734 -.687 -.545

(Constant)
Frequency of riffles
str order

Model
1

B Std. Error

Unstandardized
Coefficients

Beta

Standardized
Coefficients

t Sig. Zero-order Partial Part
Correlations

Dependent Variable: bio healtha. 
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stresses are removed. In reality, removing or mitigating the types of non-point stressors 
likely to be impacting most Rivanna Basin streams is a tall order. The value we chose—
4.42—lies halfway between “low fair” and poor, but also lies about 1.3 points from the 
Clean Water line. The standard deviation of residuals for our population-based models is 
about 0.5. Thus the statistical distance separating the persistent impairment benchmark 
from the Clean Water benchmark is more than two standard deviations, suggesting 
minimal odds that streams with biological condition values lying at or below the 
persistent impairment line could increase their scores sufficiently to climb to the Clean 
Water line if population were held constant (assuming current land use practices). 
 Three lines of evidence are considered in developing the estimate of population 
density associated with the persistent impairment benchmark: 

 
1) Models based directly on population density. The two population-based models 
discussed above each indicate that the Clean Water line is reached at a population density 
of about 50 people per square mile (before adjusting for population growth between 2000 
and 2005). The models’ estimation of population associated with the persistent 
impairment line differ, with the single-factor model indicating a population of 
~180/square mile and the multiple regression model indicating a population of 
~280/square mile. The discrepancy is not a result of the additional factors employed in 
the multiple regression model, but rather the differing forms of population data 
(untransformed versus log-transformed) and mathematical curves (straight-line versus 
power) used by the respective models. 
 

2) Inference from models based on 
forest cover and percent equivalent 
impervious surface. Population 
density, percent non-forest, and 
equivalent impervious surface are 
colinear variables. Though colinear, 
each also represents an independent 
measurement of watershed 
conditions because each data set was 
generated by different parties using 
different techniques. Each of the 
three major land use parameters 
correlate reasonably strongly with 
biological condition. As such, 
models relating biological condition 
to percent equivalent impervious 
surface and percent non-forest can be 
used to cross-check the population-
based estimates by “converting” 

impervious and forest cover values to population density according to correspondence 
curves. For example, the correspondence between percent equivalent imperviousness 
(EIS) and biological condition shown in Figure D-8 can be expressed as a 
correspondence between population and biological condition by converting EIS values to 

Figure D-8.  Biological conditon versus percent 
equivalent impervious surface.
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population values via the formula shown in Figure D-9. 
 Two forest cover datasets, 
(one from the Rivanna River 
Basin Project [RRBP], the other 
from Virginia Department of 
Forestry) and the RRBP 
equivalent impervious surface 
data were used to generate 
inferred population/biological 
condition relationships. 

In all three instances, 
model forms were chosen based 
exclusively on best fit according 
to R-square value. Thus, some of 
the selected fits were linear while 
others were power or logarithmic 
curves. The difference in R-
square values across curve types 
was frequently very small. All 
three regressions inferred a 

population density of ~50/square mile for the Clean Water line—the same value as that 
generated directly by the population-based models.  

Values for the persistent impairment benchmark varied along the same lines as the 
options given by the two population-based models: for equivalent impervious surface, the 
inferred population value was 181/square mile; for Department of Forestry’s forest cover 
data the inferred value was 187/square mile, and for RRBP’s forest data the outcome was 
280/square mile. The discrepancy was a function curve form. 
 
3) Visual inspection and analysis of graph. Figure D-4 shows a “close-up” view of the 
biology/population scatterplot in the ranges of concern. Note that the highest population 
value for sites that support the Clean Water Act standard (biological condition " 6.0) is 
about 50/square mile, and the greatest population value for the highest non-supporting 
tier, (“high fair,” bio condition = 5.5) is about 110/square mile. The graphed data suggest 
that achieving supporting status with population densities of 180/square mile is quite 
unlikely, let alone densities of over 280/square mile. 
 
 All models give remarkably similar estimates for population associated with the 
Clean Water line. Watershed population estimates were derived from year 2000 census 
data, though sampling was conducted primarily in 2004 and 2005. Adjusting for interim 
population growth, we estimate that Rivanna Basin streams are unlikely to support 
Virginia’s aquatic life standard when watershed population densities exceed 56 people 
per square mile. 

The models suggest two potential estimates for the persistent impairment line: 
~190 and ~280 people per square mile. The difference in estimates hinges not on model 
factors, but on the choice of modeling methods, specifically the choice of fit lines. These 
choices were governed by 1) the linearization requirement for multiple regression 

Figure D-9.  Population density versus equivalent 
impervious surface.
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modeling and 2) preference for highest R-square. Neither of these criteria guarantees that 
the chosen approach provides the best representation of reality. For instance, a small 
difference in the respective R-square values of alternative models can be the product of 
chance. 

All the higher estimates 
were the product of straight-line 
regressions embedded in multiple 
regression models, and all the 
lower estimates were generated by 
curved-line models. The mechanics 
behind the divergent estimates are 
evident in the two models of 
identical data shown in Figure D-
10. The fit line for the logarithmic 
model dips below the straight-line 
model. The biological condition 
value of interest, 4.42, lies along 
the belly formed by the dip, and 
the space between the straight and 
curved lines translates to different 
estimates of associated percent 
forest, and, by inference, different 
estimates of associated population 

density. 
After determining their 

greater realism, curved-line 
models were applied to each 
data set. The resulting 
estimates are remarkably 
close, as shown in Table D-11.  

The average estimate 
of population at the persistent 
impairment line is 190. To 
account for population 
increases between the 2000 
census and the time window 
for this study, we adjust this 
figure upward by 10% to 210 
per square mile. Section 4.6 
and Table 4-9 in the main 
body of this report present the 
above-given estimates in the 
context of present Rivanna 
Basin population densities. 

Figure D-10.  Two models of biological condition 
versus percent non-forest.
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D.6. ANOMALOUS SITES.  
 

Table D-12 below lists sites for which actual biological health diverges 
substantially from the two selected models’ predictions. Criteria defining anomalous 
performance are: 1) absolute value of residual exceeds one standard deviation for one or 
both models and 2) predicted health category differs from actual health. 

The stream order/riffle frequency model is applied only to minimally disturbed 
streams.  

As noted above, the population-based model is weakest at the low end of the 
population range. The divergence between population-based model and actual values for 
four sites may be best explained by this weakness. The streams—Doyles, Moormans, 
Buck Mountain, and Long Island— are all in good or better shape. All qualify as 
minimally disturbed according to land use criteria, and for three of the four, the 
“riffle/stream order” model, derived from minimally disturbed sites, gives accurate 
predictions. 

Cunningham Creek underperforms according to both models. For Carroll Creek 
and Moores Creek, both significantly impaired, the riffle-stream order model could not be 
applied. The main body of the report contains brief discussions about each of these three 
sites. 

 

 
 
D.7. SUMMARY DISCUSSION. 
  

Twenty-four potential explanatory variables were considered. Of these, 
population density was by far the most useful predictor across the full range of our set of 
monitoring sites. Though the population-based model cannot predict fine gradations of 
health in high-quality streams, it does correctly predict coarse health of all streams with 
89% frequency. This predictive capability is quite useful inasmuch as the coarse 
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categories are bounded by practical regulatory and management thresholds. The model is 
a useful tool for planners and conservation managers interested in setting targets or 
establishing priorities based on stream biological condition. Additionally, the model may 
be a useful screening tool: when actual conditions diverge from model predictions, 
factors other than general land use intensity may be involved. 

It is noteworthy that the population-based model could not be improved upon by 
adding more factors. This may in part be due to limitations and weaknesses of data 
available for this study, but it is also a function of the predictive strength of the 
population variable. For instance, if we possessed a better characterization of effluent 
impact, effluent might emerge as stronger predictor. But we might also find that effluent 
and population are covariants, that effluent is principally a factor in higher-density areas, 
and that population would better account for effluent effects than effluent itself because 
population values form a gradient across our data set while effluent values do not. 

 Population density is a practical and functionally powerful predictor for at least 
three reasons: 

 
1) Population density forms a strong gradient across our set of 

representative streams and subwatersheds. 
2) Population density helps cut through problems of scale, functioning as a 

dominant landscape-scale variable that shapes the behavior of variables 
operating and measured at smaller scales. 

3) Population density helps cut through problems of multi-variance. As 
with scale, population density operates as a dominant variable that 
constrains the variance of other variables. 
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Appendix E – Seasonal patterns 
 

Figure E-1.  Average seasonal biological health scores from 13 Rivanna 
tributary sites over 3 years (2003 - 2005).  Scaling of SOS and ASCI scores have 

been conformed for graphing purposes.
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 Figure E-1 above is drawn from 13 core program tributary sites for which we had 
data for each of 8 sampling seasons from 2003 to 2005. Scores were lower at the 
beginning of the assessment period, presumably reflecting lagging effects from the 4-year 
drought. During the latter part of the period, when the drought effect had presumably 
waned, ASCI scores were higher in fall than in spring, but SOS scores do not repeat the 
pattern. 

 Figure E-2 
shows a pattern 
similar to Figure 
E-1, for a larger 
dataset that does 
not include winter 
samples. Again, 
ASCI scores are 
higher in fall than 
in spring, but SOS 
seasonal 
responses are 
mixed. 

Figure E-2. Average spring and fall biological health scores from 20 
representative Rivanna basin monitoring sites over three years 

(2003- 2005).  Scaling of SOS and ASCI scores have been 
conformed for graphing purposes.
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Site Biological 
health

Avg 
SOS 

score

Avg 
ASCI 
score

Assessment 
Confidence

Biscuit Run west of Southern Pkwy poor 6.67 37.1 strong
Broad Axe Creek @ 682 6.7 43.6

Flat Branch @ Lewis & Clark Dr 6.5 30.8
Martins Branch in Ivy Creek Natural Area 10.0 58.5

Meadow Creek at Holmes Ave 6.0 19.7
Mechums River @ 692 7.33 47.8

Moormans River @ Camp Albemarle 8.0 55.2
Morey Creek south of Bellair poor 7.33 39.4 strong

North Fork @ 649 - A 10.33 75.4
Parker Branch @ 633 9.0 56.2

Powell Creek @ Ashwood Blvd very poor 4.67 23.9 strong
Preddy Creek west of Rosewood Drive 10 57.9
Schencks Branch near recycle center 1.0 32.7

Slabtown Branch @ 240 9.0 43.2
South Fork @ soccer park fair 5.5 49.1 moderate

South Fork 1/4 mile downstream of dam 4 52.1
South Fork immediately downstream of dam - A poor 4 32.7 moderate
South Fork immediately downstream of dam - B very poor 4 25.0 moderate

Slate Quarry Creek near 627 9.0 58.6
Slate Quarry tributary upstream of pond 6.0 36.8

Table F-3. Scores and assessments for less frequently sampled sites.
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