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Acronyms and Abbreviations
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ac: acre
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r: coefficient of correlation for a sample

r%: coefficient of determination for a sample

R%: coefficient of multiple determination

Res: residence time

SA: surface area

SD: Secchi depth

SWCB: State Water Control Board

TN: total nitrogen

TP: total phosphorous

TSI: trophic state index

TSS: total suspended solids
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Introduction

This interim report of the Academic Advisory Committee (AAC) to the Virginia
Department of Environmental Quality (DEQ) contains information intended to aid DEQ’s
development of nutrient criteria for the state of Virginia in a manner which is compliant
with EPA requirements. This report builds upon an earlier report prepared by the AAC in
July of 2004 (AAC 2004), which contains background and justification for the
procedures employed. The report addresses issues related to freshwater nutrient
criteria development for lakes and reservoirs (Section |) and rivers and streams (Section
I). It includes six appendices: a summary of lake data used in this report (Appendix A),
a paper comparing two reservoirs in Virginia (Appendix B), responses to DEQ questions
concerning dissolved oxygen criteria for lakes (Appendix C), and three research
proposals to study nutrient relationships in freshwater streams (Appendices D-F).

|. Lakes and Reservoirs

Although referred to as lakes throughout this document, the AAC analyses and
recommendations in the current report apply only to Virginia's constructed
impoundments. The AAC has recommended that DEQ address nutrient criteria for the
state’s two natural lakes (Mountain Lake and Lake Drummond) separately.

A. Preliminary Analyses

Ambient monitoring data from lakes and reservoirs were provided to the AAC by
DEQ. The data included nutrient parameters (various forms of water-column nitrogen
and phosphorous, Secchi depths [SD], and chlorophyll-a [Chl-a]), suspended and
dissolved solids, and context variables such as location, depth, and date/time of
sampling. Monitoring locations were specified as 8-digit alphanumeric monitoring
location codes. DEQ personnel supplied the AAC with additional information including
the lake names and ecoregion locations corresponding with DEQ monitoring location
codes, and physical parameters for a limited number of lakes. Some of the lakes in the
database were represented by multiple monitoring locations.

Only observations from 1 meter or less in depth were used in the data analyses.
Based on recommendations by DEQ personnel following EPA practice in developing
guidance criteria, only data from 1990 or later were considered in the analyses that
follow. Total phosphorous (TP) values listed as equal to or less than a 0.1 mg/L
detection limit were discarded; all other observations recorded as equal to or less than a
detection limit were represented in the analyses as the detection-limit value, considering
that detection-limit values were low compared to the bulk of the recorded observations
and compared to the concentrations of concern in the current analysis. Analyses that
considered water-column nutrient concentrations were conducted using total nitrogen
(TN) and TP. The TN variable was calculated from measured components using the
following logic:



If TN is measured, TN = measured value.
Else TN = nitrate-nitrite N (NN) + Total Kjeldahl nitrogen (TKN)

If NN is measured, NN = measured value.
Else NN = NO,-N + NO3-N

The TN variable was calculated for each sampling record for which all necessary
components were available.

Data Structure

Although 112 lakes were represented by over 10,000 observed values of SD,
Chl-a, TN, and TP (nutrient variables) in DEQ’s data record since the beginning of 1990,
those observations were distributed unevenly over the monitored lakes. Thirty-eight
lakes averaged 10 or more observations per each nutrient variable, while another 33
averaged 5 to 9 observations per variable (Figure 1).

Those observations are distributed unevenly through time, as DEQ’s approach to
lake monitoring changed during the period of analysis. Prior to 1999, DEQ rarely
collected monitoring data throughout the warm-weather season at individual lakes and
recorded SD infrequently. SD measurements have been routinely collected by DEQ
(and precursor agency State Water Control Board) at lakes since the early 1970s but
only in recent years have the data been electronically recorded and readily accessible.
Of Chl-a observations prior to 1999, 21% are accompanied by SD measurements. In
recent years, DEQ has increased the frequency and consistency of lake monitoring
procedures, and the majority of locations monitored are represented by data collected
throughout the warm-weather season (Table 1). Current lakes’ monitoring procedures
include 7 months of data collection at each lake monitored during a given year (April —
October). Since and including 1999, 76% of Chl-a observations are accompanied by SD
measurements. Sixty nine percent of the total 1990-2003 observations in the database
represent the 1999-2003 period (Figure 2). The fact that lake conditions in more recent
years are heavily represented in the database is an asset to the current analyses.

The analyses were conducted using the EPA-recommended approach of
considering each lake to be a sampling unit. Within this context, the uneven distribution
of monitoring observations among lakes creates analytical difficulties. On one hand, it is
desirable to conduct the analyses using the largest number of lakes possible so as to be
able to derive conclusions based on water sampling data that are representative of
conditions across the state and of temporal and regional variations. However, achieving
such a sample size requires data from lakes with well documented conditions (i.e., with
sufficient numbers of observations and a distribution through time to represent both
annual and seasonal variability) be considered as equivalent to those represented by
many fewer observations.
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Figure 1. Number of observations per lake for the four primary nutrient variables

considered for nutrient criteria development. Lakes are ordered by number of Chl-a

observations

Table 1. DEQ lake monitoring data for nutrient variables available by year, 1990-2003.

Year 90 91 92 93 94 95 96 97 98 99 00 01 02 03 Sum
Lakes with Monitoring Data

SD 1 2 3 6 9 13 16 5 8 10 10 24 31 25 163
Chl-a 29 12 13 21 13 20 20 10 12 11 15 28 32 28 264
TN 13 9 7 12 13 20 20 9 12 11 15 28 32 28 229
TP 13 10 8 12 13 19 20 8 12 11 15 28 32 28 229
Lakes with at least one observation per month, May - Sept

SD 0 0 0 0 0 0 0 0 0 5 0 9 15 10 39
Chl-a 1 0 0 1 1 1 1 1 1 6 8 17 21 20 79
TN 0 0 0 1 1 1 1 1 1 6 8 17 18 18 73
TP 0 0 0 0 0 0 0 0 0 6 8 17 18 17 66
Total observations, all lakes

SD 1 4 4 12 36 43 96 88 105 212 115 333 437 291 1777
Chl-a 288 57 46 68 76 101 157 144 198 252 324 503 473 366 3053
TN 122 41 24 48 76 99 155 141 143 233 308 496 466 348 2700
TP 105 45 31 38 68 90 139 129 135 228 315 496 466 350 2635
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Figure 2. Cumulative frequency of observations, 1990-2003.

Seasonality

An underlying assumption of nutrient criteria development for lakes and
reservoirs is that their response to nutrient inputs varies seasonally. Therefore, a
preliminary analysis was conducted to characterize seasonal variations of nutrient
variables in Virginia lakes and reservoirs. In addition to the four primary nutrient
variables, the analysis was also conducted for total suspended solids (TSS) because
TSS levels can be expected to influence measured TP concentrations, Secchi depths,
and the algal biomass response to available phosphorous in the water column.

The analysis was conducted by calculating, for each of the 5 variables of interest
and for each lake, a median for each month represented by 1 or more observations. For
each variable, lakes were selected for inclusion in the analysis if observations were
present in at least 6 of the 7 sampling months (April — October). Using this subset of the
DEQ monitoring data, a monthly median was calculated and plotted for each ecoregion
(Figures 3 and 4).

Results demonstrate that nutrients and related parameters in Virginia
impoundments vary month-to-month and seasonally, but not necessarily in the manner
expected based on scientific studies of natural lakes.

Both TN and TP appear to exhibit summer-season minima in ecoregion 14 lakes
during August. A similar pattern is evident for ecoregion 9 for TP. We have no ready
explanation for this pattern but can state that exploratory application of other calculation
methods generated similar patterns. Thus, the pattern does not appear to be an artifact



of the analysis method. Chl-a tends to exhibit summer maxima, but these occur later in
the summer season than the July-August time frame that is commonly assumed and
was expected. SD fails to exhibit summer minima as expected, possibly due to the
influence of non-algal turbidity caused by TSS.

9 - Southeastern Temperate
Forested Plains and Hills

11 — Central and Eastern Forested
Uplands

14 — Eastern Coastal Plain

Figure 3. Level lll ecoregions in Virginia
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Figure 4. Seasonal variation of nutrient variables and TSS, by ecoregion. The
ecoregion 9 plots represent an average of 30 lakes (range = 23 to 36); ecoregion 11 by
an average of 16 lakes (range = 15 — 17); and ecoregion 14 by an average of 7 lakes
(range = 5—28). 3 mg/L TSS and 0.01 mg/L TP represent commonly applied analytical
detection limits.



B. Responses to DEQ Questions

Analysis of DEQ monitoring data, information from others sources including
scientific literature, and professional judgment were applied to answer five questions
relevant to nutrient criteria development.

Question 1: What would be the implications of using the reference approach to
establish nutrient criteria?

In response to telephone discussions with DEQ personnel in November of 2004,
this analysis was conducted using procedures described (USEPA 2000a, b, and c) and
used by EPA to calculate the guidance criteria that were published by the agency in July
of 2002 (USEPA 2002). In conducting this analysis, we applied minor modifications to
the EPA method to accommodate DEQ data characteristics.

The EPA method is to calculate the 25™ percentile of medians from all available
lakes for Chl-a, TN, and TP, and the 75™ percentile of SD medians as surrogates for
reference values. We applied this approach.

EPA calculated TN 25" percentiles separately for measured and calculated TN
values. We combined measured TN values and calculated TN values because
measured values are sparse within DEQ’s database. We then calculated a single 25"
percentile for TN from the combined data.

EPA recommends that the analysis be conducted by calculating seasonal
medians for each lake, and calculating a lake median for each lake from the seasonal
medians. The “guidance criteria” percentiles are then calculated from the distribution of
lake medians. The EPA documents suggest that a median be calculated for each of the
4 seasons that is represented by data, and a lake median be calculated only when at
least 3 seasonal medians are present. We modified the concept of seasons to reflect
data availability because the DEQ lake-monitoring program operates from April through
October, a seven-month sampling season. We considered three separate methods for
aggregating observations from this seven-month sampling period into 4 monitoring
“seasons”:

1. April — May, June — July, August — September, October (method S1)

2. Equal-length periods: 4/1 — 5/23, 5/24 — 7/16, 7/17 — 9/7, and 9/8 — 10/31
(method S2)

3. April, May — June, July — August, September — October (method S3).

We concluded that none of these methods was ideal, since methods S1 and S3
created seasons of unequal length, and method S2 creates seasons that do not match
the DEQ monitoring schedule. Furthermore, a preliminary analysis determined that
calculated lake medians and percentiles were, in some cases, influenced by the
season-definition method. This influence was greatest for Chl-a and SD, with 25th/75th
percentiles varying by more than 10 percent as a function of seasonal definition in some
cases. Therefore, we calculated a lake-median and the desired percentiles for each



nutrient variable using each of the 3 methods, and report the averages of those values
(Table 2, Figure 5) for each ecoregion and for the state. Lakes with estimated residence
times of fewer than 5 days were removed from the database prior to analysis (Byllesby,
Nottoway Falls, Swift Creek Lake, and Banister). The procedure applied to estimate
residence times and its limitations are described below (Question 4). For comparison
purposes, the EPA guidance criteria, which were developed for Level Il ecoregions at
the national scale, are also listed.

Table 2. Results of procedure to calculate reference values for Virginia
impoundments through application of EPA methods, and EPA reference
values for each ecoregion that contains portions of Virginia.

Chl-a SD TN TP
(uo/l) (m) (mg/l) (mg/L)
Statewide:
25th percentile 3.65 0.37 0.014
75th percentile 1.78
Count 67 63 67 67
Ecoregion 9:
25th percentile 3.99 0.44 0.020
75th percentile 1.45
Count 38 36 38 38
EPA Guidance 4.93 1.53 0.36 0.020
Ecoregion 11:
25th percentile 2.50 0.29 0.010
75th percentile 3.01
Count 19 17 19 20
EPA Guidance 2.79 2.86 0.46 0.008
Ecoregion 14:
25th percentile 12.82 0.58 0.028
75th percentile 1.23
Count 10 8 10 10
EPA Guidance:
Entire Ecoregion 2.90 4.50 0.32 0.008
Subregion 63° 2.10 1.20 0.46 0.020

@ The portion of Virginia contained within Ecoregion 14 is entirely within Subregion 63.
Virginia segments of Ecoregions 9 and 11 are within multiple subregions.
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Question 2: Do lakes' game fish populations vary with the lakes' nutrient status?

An exploratory analysis was conducted following a modified version of the
protocol described in the EPA lakes and reservoirs nutrient criteria guidance document
(USEPA, 2000d), which considers each lake as a sampling unit. For each time period
considered, the TP and Chl-a status of each lake was characterized as a mean or
median value of all sampling observations from that lake.

Indicators of fishery status in Virginia reservoirs were obtained by Dr. John Ney
from Virginia Department of Game and Inland Fisheries (VDGIF) biologists. Dr. Ney
attended meetings of the biologists from each VDGIF region and, in a discussion
format, worked with them to elicit ratings of each lake represented by 5 or more
chlorophyll-a observations. The question used to evaluate reservoirs’ fishery status was:
How well does the water body support desirable species that achieve good growth and
attain desirable size? In response to that question, VDGIF biologists rated lakes on the
following scale:

1 = poor: VDGIF biologists would recommend that anglers avoid such lakes.

2 = fair: VDGIF biologists would recommend that anglers fishing such lakes not
expect much in the way of fishing success.

3 = average: the lake supports an adequate fishery.

4 = good: VDGIF would recommend such a lake for fishing.

5 = excellent: VDGIF would highly recommend such a lake for fishing.

Working with the entire data set, both parametric (Pearson) and non-parametric
(Kendall’s) correlation analyses of fishery status with nutrient status were performed.
Results are displayed in Table 3:

Table 3. Results of exploratory correlation analysis of nutrient variables vs. fishery
status.

Vari- Aggre- Seasonal Pearson: Kendall’s:

able gation Period n r P r P
SD median June - Aug 41 0.005 0.976 0.111 0.354
TSS median June - Aug 48 -0.156 0.291 -0.072 0.545
TP mean April - May 51 0.076 0.598 0.170 0.118
TP median April - May 51 0.054 0.707 0.126 0.259
TP mean April - Sept 53 0.047 0.740 0.130 0.210
TP median April - Sept 53 -0.008 0.954 0.066 0.550
Chl-a mean June - Sept 52 0.008 0.957 0.164 0.117
Chl-a median June - Sept 52 0.016 0.91 0.099 0.343
Chl-a mean July - August 52 0.003 0.984 0.161 0.124
Chl-a median July - August 52 -0.009 0.951 0.099 0.343
Chl-a mean June - August 52 0.020 0.887 0.173 0.099
Chl-a median June - August 52 0.018 0.900 0.110 0.295

Notes: r = correlation coefficient; p = p-value; n = number of lakes considered in each analysis.
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This preliminary analysis yielded no useful results. Analysis of data plots
confirmed that (a) well defined statistical relationships between nutrient variables (Chl-a
and TP) and fishery status, that would be useful in the development of nutrient criteria,
are not apparent, and (b) the general form of nutrient variable-fishery status
relationships is not subject to major influence by the time period selected for calculation
of nutrient variable medians. Fishery nutrient requirements are addressed through an
alternative procedure described later in this document (See Section I-C).

Question 3: Do Virginia lakes demonstrate consistent relationships between water-
column nutrient levels (TN and TP) and response variables (Secchi depth, and Chl-a)?

and

Question 4: Are there detectable influences of factors such as non-algal turbidity,
suspended solids, retention time, etc. that may be used to classify lakes?

The first step in the procedure employed to answer these two related questions
was to estimate residence times for each lake, so as to remove those lakes with
abnormally low residence times from the data set. As noted by USEPA (2000d. p. 3-1),
“Im]any studies suggest that phytoplankton do not accumulate at retention times less
than 7 days.”

Data describing physical parameters for some lakes (volume, surface area,
drainage area) were provided to the AAC by DEQ, but this data set was incomplete. An
additional physical parameter data set for selected lakes was obtained from the Virginia
Department of Conservation and Recreation (DCR), Division of Dam Safety. Drainage
areas for lakes with water-quality data not represented in either of the above data sets
were generated in the Virginia Tech Department of Crop and Soil Environmental
Sciences GIS lab. Drainage areas, mean daily flows, latitudes, and longitudes for
gaging stations located within Virginia were also obtained (from USGS) for the purposes
of developing a model capable of predicting the water-volume yield of each lake’s
watershed. Average (1961-1990) annual rainfall for all USGS gaging and Virginia DEQ
lake monitoring stations were generated in the Department of Crop and Soill
Environmental Sciences GIS lab. Several water-yield prediction equations were
generated and applied. One problem encountered in application concerned watershed
sizes: Whereas only 3 of the gaging station watershed areas were less than 10,000
acres in size, more than 50% of Virginia lakes for which physical parameter are
available have drainage areas less than 10,000 acres in size. As a result, the “best”
multivariate prediction equations (i.e., highest R?) were found to produce anomalous
results for the small lakes. Therefore, we found it necessary to use a simplified
procedure with drainage area as the sole predictive variable for inflow, estimating
separate regression parameters for 3 watershed size ranges: less than 10,000 acres,
10,000-50,000 acres, and greater than 50,000 acres. These equations were used to
estimate mean inflow to each Virginia lake, and to calculate a mean residence time, for
each Virginia lake for which a volume estimate is available.

The calculated residence times are rough estimates. In addition to the
inaccuracies resulting from the crudeness of the water-yield estimation procedure, the

11



accuracy of the physical parameter estimates used in the calculation is also
questionable. Where both DEQ and DCR provided estimates of physical parameters for
lakes, these estimates were often in disagreement. Of the 46 lakes for which DCR and
DEQ both provided volumetric estimates, for example, only 15 of these estimates were
within 20 percent of one another.

In EPA’s guidance manual, it defines lakes as having a “mean water residence
time of 14 or more days” and recommends that states that have not set a size limitation
defining a lake, determine appropriate size limitation “to eliminate small water bodies
that, because of their size (and resulting hydrology) or uses (e.g., small agricultural
impoundments), do not accurately represent typical lake conditions or do not exhibit
expected responses to stressors” (2000d, p. 3-1). Because of the inherent uncertainty in
our calculated residence times, we decided to remove from the data set lakes with a
calculated residence time of less than 5 days. Of the 95 lakes for which we were able to
calculate residence times, 5 residence-time estimates were below 5 days (these were
removed from the analysis), and another 8 were between 5 and 14 days.

The following analysis was performed for TP vs. Chl-a and TN vs. Chl-a, using a
median value for each variable to represent each lake. The medians used were the
same as those employed for the fisheries analysis below (Section I-C, Virginia DEQ
Data Interpretation). Resulting relationships are represented in Figure 6.

Stepwise regressions were performed for the purpose of determining the effect of
other variables on the explanatory power of the TN and TP-based Chl-a prediction
models. The stepwise procedures were performed until all variables left in the model
were significant at the 0.15 level. Variables considered in stepwise procedure in various
combinations were TP/TN ratio, depth (ft), volume (ac-ft), surface area (ac), retention
time (days), median TSS (mg/L, calculated using the same procedure as TN and TP),
estimated inflow (cfs), and the natural logs of the reservoir parameters (depth, retention
time, surface area, volume). Complications in the analysis occurred because the data
set was poorly populated, i.e., variables were not consistently available for lakes.
Therefore, as stepwise procedures considered increasing numbers of potential
explanatory variables, the number of observations available to test the resultant models
declined. The presence of “Outliers” (i.e., data points well outside the range established
by the bulk of the data in the plots of TN and TP vs. Chl-a) also complicated the
analysis due to the fact that, in least-squares regression, such points tend to exert a
disproportional influence on the resultant functional form.

A number of efforts were employed to apply stepwise regression procedures as
needed to overcome difficulties with the data set, including selective removal of outliers
from the data set. Those procedures that yielded the most satisfactory results are
summarized below (Table 4, Figure 6). As more outliers were removed, the R? of
resultant models tended to increase. Both TN and TP proved to be useful as predictors
of both Chl-a and SD, and the utility of both could be increased by adding additional
variables through the stepwise regression procedures. Mean impoundment depth
proved consistently useful as a predictor of both Chl-a and SD, while median TSS
concentrations proved consistently useful as a predictor of SD. Residence time was not
consistently useful, as expected based on previous studies, which may indicate that the
residence time estimates are insufficiently accurate to aid the modeling procedure.

12



To summarize the committee’s perspective on the results of analyses performed
in response to questions 3 and 4: Although the results of these analyses do yield
statistically significant relationships, we do not consider those relationships to be
sufficiently robust to justify their use in criteria development. Contributing factors to this
opinion include the fact that the models explain only 50 to 70 percent of the independent
variables’ variation, in most cases, and our lack of faith in the accuracy and precision of
the input variables. Non-log plots of Chl-a vs. TN and TP show a more dispersed
pattern than the log-plots of Figure 6.
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Figure 6. Ln Chl-a as univariate functions of TP and TN. Ecoregions are represented in
the plots but were not considered in the regression analyses represented above.
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Table 4. Results of stepwise regression procedures.

Dep- | ------ Independent Variables / Regression Coefficients - - - - - - n p Model

endent R?

Statewide
Int TP TN Dep Res Vol TSS | SA

Chl-a 0.64 | 52.12 62 | *** | .5266
0.64 2.21 62 | *** | .4260

Chl-a 0.52 | 57.27 55 | *** | .6176
1.29 | 50.45 -.216 *** 1.6538
2.84 | 53.11 -.318 .156 ** 1 .6953

Chl-a 0.50 2.43 55 | *** | 5237
1.60 2.08 -.321 o .6117
1.36 2.01 -.625 0.134 *** 1.6953

Chl-a 2.45 | 44.59 -.227 174 .104 46 | *** | .7489
0.54 2.15 -.240 .098 | .070 |45 | *** | .7506

SD 1.09 -.166 42 | *** | 5147
1.40 -.973 -.118 *** 1.7015
1.01 -.870 .097 -.107 7211
1.00 -.825 .263 -.062 | -.095 *** | . 7590
1.16 -.787 .388 -.091 -101 | 11E-6 | x| 7770

SD 1.10 | -31.86 42 | *** | 5512
1.30 | -21.14 -.101 | .6767
.899 | -18.54 .103 -.092 *** 1 .6991
0.86 | -16.38 .250 -.053 |-.085 7256
1.05 | -15.99 277 -.086 |-.092 | 12E-6 | *** 7459

Ecoregion 9

Chl-a .874 | 41.93 37 | *** | .3497
.882 1.800 37 | ** |.3335

Ecoregion 11

Chl-a 290 | 71.64 17 | ™ |.6932
.182 3.048 *** 1.6808

Ecoregion 14

Chl-a 1.38 | 42.88 7 * 7730
1.12 2.420 7 .06 | .5495

Notes: TP, TN, and TSS = lake medians; Dep = depth (ft); Res = residence time (days); Vol =
volume (acre-ft); SA = surface area (ac). All variables in italics (Chl-a, SD, Dep, Res, Vol, and

SA) are expressed as natural logs. n = number of lakes used;
p-values for model: *** = p <.0001; ** = .0001< p <.001; * =

14
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Question 5: Should Carlson's Trophic State Index be considered as a scale to express
Virginia's nutrient criteria?

The Trophic State Index (TSI) indicator was developed for application in natural
lakes (Carlson 1977). The TSl is a good tool for communicating trophic state condition
to the public because it is an index. Total phosphorus, chlorophyll-a, and Secchi depth
are all on a common, understandable scale. The problem with using the TSI to express
nutrient criteria is the lack of spatial and temporal homogeneity among trophic state
parameters in a reservoir. Suspended sediments delivered to impoundments lead to
levels of non-algal turbidity that interfere with algal production, especially in the upper
channel, and thus distort the assumed correspondence between the TSI components.
As documented in Appendix B for Smith Mountain and Claytor Lakes, sediment-related
non-algal turbidity varies spatially within reservoirs. Suspended sediment delivery from
the watershed to impoundments varies temporally in response to weather conditions
and seasonal cycles, as suggested by the seasonality analysis in Section I-A,
Preliminary Analyses. The extent to which reservoirs vary in dissolved components that
affect water clarity (such as tannins) is not known.

Virginia’s impoundments are highly variable in morphometric characteristics,
watershed area, retention time, and other factors that can be expected to influence both
their capability to sustain designated uses at various levels of nutrient enrichment and
potential correspondence between TSI measures. Given that Virginia impoundments
are being treated collectively for the purpose of nutrient criteria development, the AAC
recommends that nutrient criteria be implemented by monitoring nutrient variables
directly and not through use of TSI, which would add yet another source of variability to
criteria implementation.
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C. Nutrient Requirements for Fisheries in Virginia’s Impoundments

The following analysis is conducted for the purpose of recommending candidate
nutrient criteria for Virginia reservoirs that will be protective of aquatic life and of the
reservoirs’ suitability for recreational fishery use. The committee believes that the status
of the recreational fishery can be considered as an indicator of the impoundments’
suitability for aquatic life. Given that species of recreational fish are generally at the
upper trophic level, the health of recreational fish populations can be interpreted as an
indicator of ecosystem health as well as suitability for the aquatic life designated use.

The candidate criteria that follow were developed expecting that DEQ will seek to
balance the nutrient requirements of recreational fisheries against those of other
potential uses, including contact recreation and public water supplies, in defining
nutrient criteria for implementation.

This analysis is conducted in three steps: a review of scientific literature prepared
by Dr. John Ney, graphic analysis of Virginia impoundments’ fisheries and nutrient
status, and synthesis of these two information sources.

Review and Interpretation of Scientific Literature: Nutrient Requirements for
Virginia’s Reservoir Fisheries, by Dr. John Ney.

Community energetics dictates that the biomass of fish at or near the top of the
trophic pyramid should be highly dependent on the amount of primary production at the
base (Lindemann 1942). Primary production in lakes is limited by nutrients, principally
phosphorus. USEPA (2000d) notes that nitrogen limitation is largely confined to
subtropical and high altitude/latitude lakes). Nitrogen limited waters have TN:TP < 30
(Alam and Glecker 1994): the ratio in Virginia reservoirs is much greater.

However, the productivity of a fishery can be limited not only by insufficient
energy (food) but also by inadequate habitat. High levels of algal production can cause
hypolimnetic oxygen deficits to the detriment of coldwater and coolwater fishes. In
shallow lakes, nutrients can stimulate excessive macrophyte growth, reducing habitat
for warmwater sportfish species (Wiley et al. 1984). The influence of nutrients and
resulting primary production on fisheries productivity in lakes and reservoirs should thus
be parabolic, with low concentrations of nutrients constraining food supply and high
concentrations limiting suitable habitat. The nutrient (phosphorus) or response
(chlorophyll-a, Secchi disk water transparency) parameters that promote healthy
fisheries will vary by waterbody type and the species-specific requirements of the
desired fishes.

What concentrations of nutrient or response parameters will ensure the quality of
Virginia’s reservoir fisheries? To address this question, we conducted a comprehensive
search of relevant published literature in library data bases and interviewed fisheries-
water quality experts to identify further sources. The results are summarized below. This
report proceeds from a general overview of the fisheries-water quality relationship to a
consideration of the particular nature of that relationship in reservoirs (vs. natural lakes),
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followed by analysis of water quality requirements for Virginia’s three categories of
reservoir fisheries: coldwater (trout), coolwater, and warmwater.

Overview

Empiric relationships between fisheries productivity (as measured by fish
harvest, production, or biomass) and both primary production and phosphorus
concentration have been developed and published for regional and cosmopolitan sets of
lakes. Correlations between primary production and fisheries productivity are highly
positive, the former explaining (r*) 67-84% of the latter (Table 5). Correlations between
total phosphorus (TP) concentration and fisheries productivity are equally strong (51-
84%, Table 6).

Table 5. Predictive relationships between measures of plant and fish productivity in lakes and
reservoirs, as determined from single-variable regression models.

Independent Dependent Data Set (n) % of Variation  Source
Variable Variable Explained (r?)

Gross Total fish yield Indian lakes (15) 82 Melack (1976)
photosynthesis

Phytoplankton Total fish yield  Natural lakes, 84 Oglesby (1977)
standing stock northern

hemisphere (19)

Gross Total fish yield  Chinese lakes 76 Liang et al.
photosynthesis and ponds (18) (1981)
Chlorophyll-a Sport fish yield  Midwestern U.S. 83 Jones and Hoyer
lakes and (1982)
reservoirs (25)
Primary production Total fish Cosmopolitan 67 Downing et al.
production lakes (19) (1990)
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Table 6. Relationship between total phosphorus concentration (ug/L) as the independent
variable and various measures of fish production in lakes and reservoirs.

Dependent Variable Data Set (n) % of Variation Source
Explained (r?)

Total fish yield North American lakes 84 Hanson and
(21) Leggett (1982)
Sport fish yield Midwestern U.S. 52 Jones and Hoyer
lakes and reservoirs (1982)
(21)
Total standing stock Southern 84 Ney et al. (1990)
Appalachian
reservoirs (21)
Piscivore standing Southern 51 Ney et al. (1990)
stock Appalachian

reservoirs (11)

Total fish production Cosmopolitan lakes 67 Downing et al.
(14) (1990)

Water Quality in Reservoirs

Some of the above data sets were limited to natural lakes. Indeed, most of the
analyses of trophic state (e.g., Carlson’s TSI) are based on the relationships of
phosphorus, chlorophyll-a, and water transparency (Secchi disk depth) in northern
natural lakes (USEPA 2000d). These relationships are less robust in reservoirs, which
comprise 99% of Virginia’s lentic waters. Chlorophyll-a concentrations tend to be lower
in reservoirs than in natural lakes (Soballe et al. 1992) because higher inorganic
turbidity and flushing rates in reservoirs may limit the ability of phosphorus to stimulate
phytoplankton production. In a regression analysis of 80 southeastern U.S. reservoirs,
Reckhow (1988) reported a fairly strong correlation between transparency and
phosphorus (r* =0.50), a weak relationship between chlorophyll-a and phosphorus (1 =
0.10), and virtually no correlation between chlorophyll-a and transparency (r? < 0.01). In
these impoundments, inorganic turbidity largely determined water transparency, and
although the suspended sediment contained phosphorus, most of the phosphorus was
not biologically available. In contrast, the r? for phosphorus vs. chlorophyll-a has been
widely reported as ~0.70 (Brown et al. 2000) for sets of natural lakes. Canfield and
Bachman (1981) examined the National Eutrophic Survey (NES) data set and
compared nutrient and response parameters between natural lakes and reservoirs.
They also found that reservoirs usually have substantially lower chlorophyll-a than
natural lakes at the same phosphorus concentrations. Interpretation of their scatter
diagram indicates that to produce 10.0 mg/m? of chlorophyll-a (indicative of marginally
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eutrophic conditions) in the average natural lake would require 30 ug/L total
phosphorus, whereas the average reservoir would require 40 ug/L total phosphorus.

High flushing rates (low retention times) also limit development of phytoplankton
biomass. In fact, the Technical Guidance Manual (USEPA 2000d) recommends that
reservoirs with retention times < 14 days be exempted from nutrient regulation because
algal biomass buildup is minimal.

Chlorophyll-a has long been recognized as the single best metric for assessing
nutrient-induced water quality of lakes because it most directly measures the parameter
that affects aesthetic value and recreational use (Carlson 1977, Heiskary and Walker
1988, Bachman et al. 1996). Because water transparency is affected by inorganic
turbidity and phosphorus concentration is irrelevant in low retention-time impoundments,
chlorophyll-a would appear to be the parameter of choice as a criterion for nutrient
standards for reservoirs.

Reservoirs also differ from natural lakes in that they characteristically exhibit a
trophic gradient (Soballe et al. 1992). As dammed rivers, reservoirs lose nutrients
through settling in a downstream direction. Thus a single reservoir may grade from
eutrophic in its upper reaches to mesotrophic in its mid section to oligotrophic near the
dam. Such systems can support good fisheries for a combination of warmwater,
coolwater, and even coldwater fishes.

Reservoir Fisheries and Water Quality

Because inorganic turbidity and flushing can limit nutrient impacts on reservoir
productivity, it might be expected that the empiric relationship between phosphorus
concentration and fisheries would be relatively weak. This does not appear to be the
case in the southeastern U.S. Ney et al. (1990) examined the relationship between fish
standing stock and a variety of potential predictors in a set of 21 southeastern,
Appalachian-region multi-purpose reservoirs for which fishery and water chemistry
information was available for the same time frame (within 2 years). These reservoirs
varied greatly in surface area (1,700-132,000 ha), retention time (4-438 d), and total fish
standing stock (77-2,321 kg/ha). Total phosphorus was easily the best predictor of fish
standing stock (r* = 0.84), followed by Secchi disk depth (negative slope, r’= 0.42) and
chlorophyll-a (r2 = 0.31). Fish standing stock increased linearly over the range of total
phosphorus (8-81 ug/L) on a log-log scale, suggesting that maximum fish biomass
would occur at higher phosphorus concentrations (Ney 1996). Fish production will
ultimately be limited by habitat loss, resulting in a parabolic relationship with nutrient
concentrations (Figure 7).

Total fish standing stock or total fish production may not be indicative of
sportfishing potential of reservoirs because sport and food fishes usually account for
less than half the total. For the southern Appalachian reservoir data set, Yurk and Ney
(1989) found that piscivore (largely game fish) standing stock increased linearly over the
range of total phosphorus concentrations from 8 to 81 pg/L (r* = 0.51). Jones and Hoyer
(1982) reported that annual sportfish (synonym here for “gamefish”) harvest increases
linearly with total phosphorus over the range 15-90 pg/L in 25 midwestern U.S. lakes (r?
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= 0.52) and with chlorophyll-a between 4 and 67 ug/L (r* = 0.83). In a study of 21
northern temperate natural lakes, Hanson and Leggett (1982) found that long-term sport

and commercial annual harvests increased with total phosphorus concentration up to
500 pg/L (r* = 0.84).

Figure 7. Generalized relation of total
fish and sport fish standing stock with
total phosphorous concentration in
temperate latitude reservoirs. Standing
stock values are representative of
southeastern U.S. reservoirs to 100 pg/L
total P, while standing stocks at higher P
concentrations are hypothetical. The
vertical line labeled as “clean water”
represents a TP concentration
associated with water clarity that could
be considered as minimally acceptable
for contact recreational use and is an
approximate value. The “clean water” 10 bl T LL
representation is conceptual and is not Phosphorus Concentration (ug/L)
reproduced here for the purpose of

suggesting a specific TP criterion value

(from Ney 1996).
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Fisheries in Virginia Impoundments

The fisheries of Virginia’'s public reservoirs include several, mostly small (<100
acres) systems managed for trout (coldwater). Some are managed for a combination of
coolwater (e.g., striped bass, walleye) and warmwater (sunfish, largemouth bass,
catfish) species; most of these are large (> 500 acres) impoundments. Reservoirs
managed solely for warmwater fisheries range from large systems (primarily in eastern
Virginia) to ponds. Many of the smaller impoundments are owned by the Virginia
Department of Game and Inland Fisheries (VDGIF) and managed primarily for
sportfishing.

Within the overall sportfish complex, it has long been recognized that individual
species respond differently to particular levels of lake fertility. The Technical Guidance
Manual (USEPA 2000d) uses the work of Oglesby (1977) to predict that as phosphorus
in natural lakes increases, fisheries will shift from coldwater (TP < 24 pg/L) to coolwater
(TP = 24-48 pg/L) to warmwater (TP = 48-193 ug/L); total fisheries yield (harvest)
should progressively rise over this range of phosphorus concentration. However,
Oglesby’s projections were based on rather limited data that has been supplemented by
later studies and did not apply specifically to many of the sportfish species of Virginia’'s
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reservoirs. We use this later work, as well as water quality information from some of
Virginia’s best reservoir fisheries, to recommend water quality limits that will support
healthy fisheries in our waters.

Coldwater Fisheries: Trout fisheries in Virginia lakes are maintained by frequent
stockings from hatcheries, either on a put-and-take (adults) or put-grow-take basis
(fingerlings). Rainbow, brown, and brook trout are stocked alone or in combination.
Because stocked put-and-take trout fisheries are seasonal and not habitat-limited
(swimming pools have been used in other states), this analysis focuses on conditions
necessary for trout to grow and survive over one or more years to reach harvestable
size. Essentially, this requires an oxygenated hypolimnion during thermal stratification.
The relevant water quality literature is sparse. In Minnesota, natural populations of lake
trout (Salvelinus namayacush) achieve peak abundance at TP = 6 ug/L and
chlorophyll-a = 1 pg/L (Schupp and Wilson 1993). However, the lake trout requires the
lowest temperatures of any salmonid and does not occur in Virginia. In Lake
Windemere, UK, brown trout abundance more than doubled when TP was reduced from
30 to 11 pg/L and chlorophyll-a declined from 30 to 14 ug/L (Elliott et al. 1996). A
fertilization experiment in a small mountain lake in British Columbia increased rainbow
trout growth and interannual survival while raising TP from 4 to 9 ug/L and chlorophyll-a
from 1 to 6 pg/L (Johnston et al. 1999).

On the basis of this literature and the concentrations reported from elsewhere for
successful trout fisheries, it appears that the following concentrations are adequate to
sustain habitat and promote trout growth: TP < 10 ug/L and Chl-a < 6 ug/L.

Coolwater Fisheries: Virginia’s coolwater sportfish species are striped bass,
hybrid striped bass (white bass x striped bass) and walleye. The smallmouth bass is
sometimes considered a coolwater species, but it has virtually identical temperature
tolerances to its congener largemouth bass, a warmwater fish considered below (Brown
1974). All three coolwater species are maintained by the stocking of hatchery-reared
fingerlings on a put-grow-take basis; the single exception is the striped bass population
of Kerr reservoir, which is self-sustaining.

Walleye, striped bass, and hybrid striped bass prefer water temperatures in the
range of 19-28°C (Coutant 1985, Hokanson 1990, Kilpatrick 2003). By late summer in
Virginia reservoirs, this habitat is usually limited to the metalimnion/hypolimnion
downlake region near the dam (Ney 1988, Kilpatrick 2003). However, all three species
can tolerate water temperatures of >28°C for extended periods without observed
mortality, although growth will likely be impaired (Brown 1974, Wrenn and Forsythe
1979, Kilpatrick 2003).

The influence of water quality on walleye abundance has been examined for
Minnesota lakes (the walleye is the state fish of Minnesota) and Lake Erie, which
supports the most productive walleye fishery in the world. In Minnesota, walleye
abundance peaks under mesotrophic conditions: TP of 15-25 ug/L and Chlorophyll-a of
7-10 pg/L (Schupp and Wilson 1993). Lake Erie’s walleye populations is thriving at
chlorophyll-a of 5-15 ug/L; it is actually projected to increase if phosphorus loading is
doubled (Anderson et al. 2001). Walleye do well in lakes that experience occasional
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hypolimnetic anoxia, but poorly in lakes with Secchi disk transparency >4 m (Schupp
and Wilson 1993).

Striped bass also fare poorly under oligotrophic conditions. When Lake Mead,
Nevada, became oligotrophic (TP = 10 ug/L), striped bass became stunted and
emaciated (Axler et al. 1987). Smith Mountain Lake is Virginia’s premier inland striped
bass fishery and has a classic trophic gradient. The lower segment of Smith Mountain
Lake has an oxygenated hypolimnion year-round, providing a summer thermal refuge
for striped bass. However, striped bass congregate further upstream in summer, where
prey fish are more abundant (Ney 1988), suggesting that food is more important than
ideal habitat.

Virginia’s coolwater sportfishes are fast-growing piscivores dependent on a large
supply of forage fishes (e.g., gizzard shad, threadfin shad). These planktivores are most
abundant in fertile systems (Bremigan and Stein 2001, Maceina 2001). In Virginia’'s
large reservoirs, coolwater fishes appear to be more food limited than habitat limited.

The scientific literature reviewed above indicates that coolwater fisheries can
prosper in systems where TP >10 pg/L and where Chl-a < 15 ug/L.

Warmwater Fisheries: Principal warmwater sportfishes are primarily of the
sunfish family (Centrarchidae) as well as catfishes. Catfishes have higher temperature
and lower dissolved oxygen (DO) tolerances than centrarchids and are not considered
further in this review. Virginia’s centrarchids include sunfishes (bluegill, redear,
redbreast, and pumpkinseed), black and white crappie, smallmouth bass, as well as the
most-sought freshwater sportfish species, largemouth bass. Centrarchids are littoral and
epilimnetic fishes that do not require an oxygenated hypolimnion as summer habitat.
Nutrient-induced habitat limitations occur only in shallow lakes that become choked with
aquatic macrophytes. In such systems, the cover provided by dense stands of “weeds”
prevents largemouth bass from preying on sunfish; both largemouth bass and sunfish
become stunted (Bennett 1962). Virginia has few macrophyte-dominated reservoirs.
Where they exist, poor watershed practices (erosion) or invasive exotics (e.g., Hydrilla)
are usually responsible.

For the most part, centarchid populations are food-limited rather than habitat-
limited. Higher levels of nutrients translate to more centrarchid biomass. In fact,
centrarchid lakes devoted primarily to fishing are often fertilized at least annually.
Auburn University, which pioneered research on centrarchid management, recommends
fertilization to achieve chlorophyll-a concentrations of 40-60 ug/L (Maceina 2001). The
VDGIF frequently fertilizes its small fishing lakes to produce robust centrarchid
populations for anglers. In these small (< 200 acres) lakes, chlorophyll-a in the 40-60
Mg/L range commonly results.

Obviously, larger reservoirs are not subject to direct fertilization because they
must accommodate aesthetic and water-contact recreation and (sometimes) coolwater
fisheries. However, across reservoirs of all sizes, the pattern of higher fertility = better
centrarchid fishing holds. In Minnesota, Schupp and Wilson (1993) reported that black
crappie fisheries peak at TP ~60 pg/L and chlorophyll-a ~20 ug/L; white crappie do best
under hypereutrophic conditions (TP ~100 ug/L; chlorophyll-a ~60 ug/L).
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In a study of 30 large Alabama reservoirs, Maceina et al. (1996) found that
growth of crappie and largemouth bass increased up to ~20 ug/L chlorophyll-a. In fact,
the potential for an angler to catch a trophy largemouth bass (> 5 Ibs.) was about 3
times greater in eutrophic than mesotrophic lakes. Bachmann et al. (1996) confirmed a
similar pattern for natural Florida lakes (n = 360): trophy largemouth bass were more
abundant in highly eutrophic lakes (chlorophyll-a > 40 ug/L), as were populations of
redear sunfish and black crappie.

This review indicates that warmwater fisheries can thrive where TP < 50 ug/L and
Chl-a is 20-40 pg/L.

Virginia DEQ Data Interpretation

The above review summarizes scientific studies from throughout the USA, while
the analysis that follows is focused on Virginia conditions. The purpose of this analysis
is to determine the maximum nutrient concentrations (TP and Chl-a levels) that sustain
good-to-excellent recreational fisheries, by fishery type and by ecoregion.

The status of the recreational fishery in each impoundment was rated on a scale
of 1 (poor) to 5 (excellent) by VDGIF biologists, in response to requests advanced by
Dr. John Ney. The rating scale and process are described in Section I-B, Question 2.
Each reservoir was classified as one of the following types, based on the professional
knowledge of Dr. John Ney and considering VDGIF biologists’ comments during the
rating process.

Coolwater Fisheries: Impoundments that support coolwater fishes in the deep
bottom waters and warm-water fishes in shallower waters. The largest and
deepest of the state’s impoundments are included within this category.

Trout Fisheries: Lakes managed for support of trout, including those managed by
VDGIF for this purpose. These lakes are generally small in size, and
predominantly within the state’s mountainous regions.

Fertilized Fisheries: Lakes managed for centrarchid species, such as sunfishes,
crappies, and black basses, with fertilizers applied as a management input.
These lakes are generally quite small, and fish production is the primary use. All
of lakes identified as fertilized fisheries in the current analysis are owned and
managed by VDGIF.

Warmwater Fisheries: The maijority of the state’s impoundments; all
impoundments not explicitly classified as another type.

Other: Impoundments known to be affected by unique or unusual conditions and
therefore considered as poorly suited to serve as indicators of how the state’s
lakes, in general, can be expected to respond to water-column nutrients.
Conditions that cause lakes to be categorized as “other” include high levels of
non-algal turbidity (including coloration of waters from watershed geology or
tannins), low retention times, mechanical aeration, the presence of prolific
macrophytes and vegetative structure on the lake bottom.
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Impoundment classifications and the VDGIF biologists’ ratings are listed in
Appendix A, Table A-4.

Data analysis was conducted by plotting fishery status, represented by fishery
type, against two nutrient variables — Chl-a and TP — for each lake, followed by visual
interpretation of the resulting graphic plots. As discussed in the AAC July 2004 report,
the AAC recommends that criteria for lakes and reservoirs not include TN criteria that
could be applied independently of TP.

The initial stage of this analysis was exploratory: statewide plots were prepared
of fishery status vs. a number of seasonal indicators (e.g., April — May, June — August,
July — August, August — September, April — September) for both Chl-a and TP. This
exercise was conducted in response to the variety of findings in the scientific literature
regarding seasonal nutrient-status indicators. Visual analysis of these plots yielded no
indication of any seasonal nutrient indicator being superior or qualitatively different from
any other. Major differences among these plots were due to the number of lakes
represented (because of varying numbers and distributions of water quality
observations among lakes, the number of lakes with sufficient observations for inclusion
in each representation varied). This exercise led to the conclusion that development of
nutrient indicators representing the entire April — October sampling period would be the
preferred approach, as it would maximize use of available water quality data.

For the second stage of analysis, Chl-a and TP medians for each lake were
generated using a procedure that is analogous to the EPA protocol for calculating lake
medians (see Section I-B, Question 1). However, instead of aggregating values by
season, we aggregated by month (April — October) so as to generate lake-median
values that better represent DEQ’s lake monitoring schedule. For each lake and nutrient
variable, monthly medians were calculated by aggregating all observations for each
month. Then, a lake median was calculated as the median of the monthly medians for
all lakes represented by 6 or 7 monthly medians (Appendix A, Table A-2, Mo values).
Lake median values for lakes that had been rated by VDGIF but were represented by
fewer than 6 monthly medians for any nutrient variable were calculated as the average
of the S1, S2, and S3 medians (See Section I-B, Question 1. The S1, S2, and S3
medians are listed in Appendix A, Table A-2). Each rated impoundment’s fishery status
was plotted against its TP and Chl-a lake medians (Figure 8). The plots are interpreted
by identifying those Virginia impoundments that are considered to be representative of
fishery types (i.e., the fishery in that lake is not known to be influenced by conditions
that are unusual throughout the ecoregion or state) and able to sustain high-quality
fisheries with the highest nutrient levels. Nutrient levels in these impoundments are not
necessarily at the maximum level that would be capable of sustaining such fisheries.
Limited data from impoundments where fish populations have been impaired by nutrient
overenrichment prevent direct interpretation of these data to indicate nutrient levels that
limit fishery success.

In contrast to previous studies (Yurk and Ney 1989, Ney 1996), the plots of
fishery status vs. water column TP and Chl-a generated for this report do not yield well-
defined relationships. We believe that the reason for this result is size variability. Prior
studies included only very large impoundments (> 2,400 acres). Lakes vary in nutrient
response capability due to physical features. Generally, fish populations in small lakes
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are more subject to influence by non-nutrient factors than fish populations in large lakes,
and relatively small lakes are heavily represented in the DEQ database. Non-nutrient
factors capable of influencing fish populations include inorganic turbidity (suspended
sediments) and lake physical features and structural elements.

Figure 8.
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Table 7. Maximum TP and Chl-a lake medians (April — October, ug/L) corresponding with high-
quality recreational fisheries?® (fisher

status 4 and 5, if available), by ecoregion.

Ecoregion | Fishery High-quality | Comments (Fishery status)
Type fishery
maxima
(Mg/L)
9 Coolwater TP <30 Kerr (5): TP = 30.
Chl-a<10 Kerr (5): Chl-a = 9.66.
Warmwater TP <40 Lake Chesdin (4): TP =40
Chl-a < 25 Diascond Reservoir (5): Chl-a = 25
Chickahominy Lake (TP = 60 and Fishery Status
= b) is atypical of Virginia reservoirs due to
abundant macrophytes. Despite relatively high
TP, Chl-a is relatively low (16).
Fertilized TP <40 Curtis (4) and Stonehouse (5): TP = 40
Chl-a <60 Curtis (4): Chl-a = 53.9
11 Warmwater, | TP <20 South Holston Lake (5): TP =20, Chl-a = 10.
Coolwater Chl-a<10 Biologically: warm water should not be any more
sensitive that multipurpose.
Trout TP <10 Sugar Hollow (2) is said by DGIF to lose
coldwater habitat in the summer; TP = 15 in
Sugar Hollow; TP = 10 in all other trout lakes.
Chl-a =4 Of the single-purpose cold-water fisheries,
Switzer (3) is the best trout lake (Chl-a = 1.5). All
other trout lakes rated as (2), and Chl-a > 2
Although not a single-purpose fishery, Lake
Moomaw (4) supports the state’s best trout
fishery (Chl-a = 3; TP = 10).
14 Warmwater TP <50 Lake Cohoon (4) has TP = 50, Chl-a = 29. Lakes
Chl-a =30 with higher TP (> 10) and Chl-a (>60) are Little
Creek Res. (3) and Lake Smith (3).
Coolwater TP< 20 Lake Prince (5) and Western Branch (5): TP = 20
Chl-a = 11 Lake Prince (5): Chl-a = 11

2 As rated by VDGIF biologists; see Section I-B, Question 2. Fishery status ratings are in
parentheses after lake names; 5 = best and 1 = worst.
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Synthesis and Candidate Criteria Recommendations:

The literature review provided general input for chlorophyll-a (Chl-a) and total
phosphorus (TP) recommendations based on the performance of coldwater, coolwater,
and warmwater fisheries. However, most of this work was conducted in other regions of
the U.S. and beyond. In particular, the literature-based recommendations do not
correspond to Virginia’'s ecoregions as defined by the USEPA. Input for ecoregion-level
analysis was provided by VDGIF fisheries biologists’ ratings of lake-specific fisheries as
related to lake-specific nutrient parameters (preceding section, Table 7). This approach
is inherently subjective and so vulnerable to potential error.

To develop candidate criteria recommendations by ecoregion, we consider both

the literature synthesis and the Figure 7 plots for agreement. This exercise resulted in
the following recommendations.

Ecoregion 9

Coolwater Fisheries:

Coolwater fishes require an oxygenated hypolimnion during summer
stratification. The hypolimnia of virtually all Virginia reservoirs become anoxic in their
upper regions by late summer; those that support good coolwater fisheries retain
oxygenated hypolimnia downlake, providing thermal refuge for striped bass, hybrid
striped bass (in ecoregion 11) and walleye. The striped bass is of most concern
because it is the main coolwater sportfish in Virginia and its temperature preferences
are slightly lower than those of hybrid striped bass and walleye. However, healthy
striped bass fisheries are dependent on the supply of forage fish, which increases with
nutrient concentration. This poses a habitat vs. food tradeoff. The literature review failed
to identify optimum nutrient concentrations for striped bass. In ecoregion 9, good to
excellent coolwater fisheries (predominantly striped bass) occur at Chl-a concentrations
of 2-10 yg/L and TP of 4-40 pg/L. The premier inland striped bass fisheries in Virginia
are Smith Mountain Lake and Kerr Reservoir, with median Chl-a of 2.6 and 9.7 ug/L,
respectively, and median TP of 20 and 30 ug/L. Of particular interest is Kerr Reservoir
because it supports the only reproducing freshwater population of striped bass in
Virginia. This exceptional resource provides the hatchery supply for stocking other
Virginia waters. However, higher nutrient concentrations than Kerr now experiences
could reduce summer habitat for striped bass, impacting survival rates (V. DiCenzo,
VDGIF, personal communication). We therefore recommend candidate criteria for
coolwater fisheries in ecoregion 9 of 10 pug/L chlorophyll-a and 30 pg/L total
phosphorus.

Warmwater Fisheries:

Nutrient levels in most Virginia reservoirs are not limiting to warmwater fisheries.
In ecoregion 9, highly-rated warmwater fisheries occur at Chl-a up to 25 pg/L (Diascund
Reservoir) and TP to 40 ug/L (Lake Chesdin). From a fisheries perspective, a TP limit
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below 40 pg/L would be counterproductive. Whether lower Chl-a levels would have the
same result is less certain. Based on Alabama studies (Maceina et al. 1996, Maceina
2001), it appears that Chl-a of ~20 ug/L may not be detrimental to centrarchid fisheries
in larger reservoirs. For ecoregion 9 warmwater fisheries, we recommend candidate
criteria of 25 pg/L chlorophyll-a and 40 pg/L total phosphorus.

Fertilized Lakes:

The VDGIF fertilizes many of the small lakes it owns to achieve Chl-a of 40-60
Mg/L, which is recommended to achieve optimum sunfish and largemouth bass
(centrarchid) fisheries. In ecoregion 9, good fisheries results in fertilized lakes with
chlorophyll-a up to 60 ug/L and TP of 40 ug/L. Inasmuch as these VDGIF-owned lakes
are managed primarily for sportfishing by professional biologists, we recommend
candidate criteria of 60 pug/L chlorophyll-a and 40 pg/L total phosphorus. Lakes
fertilized and managed as centrarchid fisheries by VDGIF in other Virginia ecoregions
should also be managed based on the same rationale.

Ecoregion 11

Coolwater Fisheries:

In western Virginia, Claytor (fishery status rating of 4), Flanagan (3) and South
Holston (5) are the only reservoirs of depth and size to support coolwater fisheries. The
best of these, South Holston, has median Chl-a of 9.2 pg/L and TP = 20 ug/L.
Flanagan’s coolwater fishery productivity is limited by low fertility (Chl-a = 2.8 ug/L, TP =
10 pg/L). Claytor is intermediate in Chl-a (6.2 pg/L) and equivalent to South Holston in
TP (20 ug/L). As in ecoregion 9, a Chl-a limit of 10 pug/L appears correct to support
ecoregion 11 coolwater fisheries. A TP limit of 20 ug/L is also sound; higher TP in
riverine Claytor Lake could endanger summer habitat for striped bass (Kilpatrick 2003).
For ecoregion 11, we recommend candidate criteria for coolwater fisheries as 10 pg/L
chlorophyll-a and 20 pg/L total phosphorus.

Warmwater Fisheries:

Ecoregion 11 lakes that support warmwater fisheries exclusively are generally
infertile. These lakes have only fair fisheries, with the exception of two small reservoirs,
Lake Frederick (rating of 5) and Lake Robertson (rating of 4), which are rated more
highly because they have better centrarchid fisheries than other lakes in the ecoregion.
From the fisheries perspective, even these waters would benefit from greater nutrient
inputs (Steve Reeser, VDGIF, personal communication). Our recommendation is the
same as for ecoregion 9 warmwater fisheries; candidate criteria of 25 pug/L chlorophyll-
a and 40 ug/L total phosphorus.
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Coldwater (Trout) Fisheries:

Virginia’s trout lakes are generally small (< 50 acres) and managed by either
VDGIF or the U.S. Forest Service. Most support rather mediocre fisheries, either
because they lose habitat in the summer (anoxic hypolimnion) or have low fertility. An
example of the former is Sugar Hollow Lake (rating of 2), where median Chl-a and TP
are 3.8 and 15 ug/L, respectively. The latter is represented by Switzer Lake (rating of 3),
where chlorophyll-a is 1.5 and TP is < 8 pg/L. The exception to this situation is Lake
Moomaw (2,600 acres; rating 4), which supports a trophy trout fishery, with stocked
fingerlings growing to 5-12 Ibs. over several years. Lake Moomaw has median
chlorophyll-a and TP concentrations of 4 and 10 pg/L, respectively. These values
concur with literature reports for productive trout fisheries. Higher levels of either
parameter could impact critical summer habitat. We therefore recommend for ecoregion
11 (and all trout lakes in Virginia) candidate criteria of 4 ug/L chlorophyll-a and 10
Mg/L total phosphorus.

Ecoregion 14

Lakes in southeastern Virginia are principally water supply reservoirs which
provide some good fishing for the region’s largely urban population. Warmwater
fisheries predominate.

Coolwater Fisheries:

The VDGIF has endeavored to establish coolwater fisheries in ecoregion 14 by
stocking striped bass in larger water-supply reservoirs. Good coolwater fisheries have
been established in Lake Prince (rating of 5 for combined warmwater and coolwater
fishery) and Western Branch Reservoir (5). The median TP in each of these reservoirs
is 20 pg/L; median Chl-a is11 pg/L in Lake Prince and 9 ug/L in Western Branch.
Nutrient parameter concentrations greater than currently experienced are likely to limit
habitat in this region, which experiences the longest periods of lake thermal stratification
in Virginia. For coolwater fisheries in ecoregion 11, we recommend candidate criteria of
10 pg/L chlorophyll-a and 20 pg/L total phosphorus.

Warmwater Fisheries:

The scatter plots for warmwater fisheries in southeastern Virginia (Figure 7)
provide a rare dichotomy. Highly rated (4 or 5) lakes have Chl-a of 7-30 pg/L and TP of
20-50 pg/L, while ratings drop for more eutrophic lakes (Chl-a > 60 ug/L; TP > 100
Mg/L). The nutrient concentrations to produce peak warmwater fisheries may lie
between these groupings, as indicated by the literature. However, it appears that good
warmwater fisheries in ecoregion 14 can be sustained with the same candidate criteria
as in ecoregion 9: chlorophyll-a = 25 pg/L and 40 pg/L total phosphorus.
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Summary

To illustrate potential effects of candidate criteria (Table 8), we applied those
criteria to the Virginia lakes data set used in the above analysis (Table 9). Available
data indicate that most of the state’s reservoirs satisfy the candidate criteria. Fisheries
in those reservoirs that have both water quality that satisfies the candidate criteria and
low fishery status ratings can be presumed to be affected by factors other than nutrient
overenrichment; comments by VDGIF biologists, in many cases, document these
effects (Appendix A, Table A-4). Several lakes with good (4) or excellent (5) fishery
status ratings fail to satisfy the criteria, thus demonstrating the reservoir responses to
nutrient inputs vary due to differences in morphometric and other factors. Lake
Chickahominy, for example, supports an excellent fishery despite high phosphorous
levels (median TP = 60 pg/L). Lake Chickahominy differs from other lakes in the data
set due to the abundance of macrophytes and structure in the lake bottom. Lake
Chickahominy also has a very low TN/TP ratio (using lake median values, TN/TP = 12,
vs. the data set’s mean value of 25). Lake Cohoon (4) and Lake Prince (5) also support
high-quality fisheries despite marginal exceedance of candidate criteria.

Table 8. Candidate criteria to accommodate fishery recreation and protect aquatic life.?

Fishery =~ Warm- Cool- Cold- Managed/ Warm- Cool- Cold- Managed /

Type water water water Fertilized water  water water Fertilized
(trout) (trout)
Eco-
region = -------- Chl-a (ug/L)--------- = =------- TP (ug/L)---------
11 25 10 4 40 20 10
9 25 10 60 40 30 40
14 25 10 40 20

TP and Chl-a are median values representative of the April — October period.

Table 9. Status of Virginia reservoirs used in analysis relative to candidate criteria.
(> CC = median concentration higher than candidate criteria).

Lake Eco- Type Chl-a TP Fishery Chl-a TP
region (Mg/L)  (pg/L)  Status Status Status
Abel Lake 9 Warm 2 20 2 ok ok
Banister Lake 9 Warm 5 20 1 ok ok
Big Cherry Reservoir 11 Warm 3 10 3 ok ok
Briery Creek Lake 9 Warm 12 13 5 ok ok
Brookneal Reservoir 9 Warm 4 30 25 ok ok
Byllesby Reservoir 11 Warm 1 40 3 ok ok
Carvin Cove Reservoir 1 Warm 4 20 3 ok ok
Chickahominy Lake 9 Warm 16 60 5 ok >CC
Claytor Lake 11 Cool 6 20 4 ok ok
Curtis Lake 9 Fert 54 40 4 ok ok
Diascund Reservoir 9 Warm 25 30 5 ok ok
Douthat Lake 1 Cold 3 10 2 ok ok
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Criteria Implementation: TP vs. Chl-a

A central issue in developing candidate criteria to protect aquatic life and
recreational fisheries in impoundments is the decision whether they are intended to
identify sites experiencing nutrient enrichment or the subset of these sites exhibiting
symptoms of eutrophication (biological impairment arising from excess nutrients). This
is a key point because it informs subsequent decisions about the types of criteria that
should be adopted. The committee has adopted the position that the detection of
eutrophication is the primary goal underlying the development of nutrient criteria for
Virginia reservoirs. Based on this viewpoint, we recommend that secondary metrics
(specifically, chlorophyll concentrations) should be the basis for establishing criteria.
Our rationale is that reservoirs exhibit variable sensitivity to nutrient enrichment based
on their flushing rate (residence time), critical depth (ratio of optical to mixed depth),
sediment influx, and other factors (Figure 9). Given their variable response, it is not
practical to apply a single standard based on nutrient concentration for the purpose of
identifying impairment or to establish mitigation targets. Because only a subset of
reservoirs experiencing nutrient enrichment will experience inability to serve designated
use, setting standards based on nutrient concentrations would result in the classification
of all nutrient-rich water bodies as impaired irrespective of their sensitivity. Prior
attempts to address the issue of variable autotrophic potential have focused on the
exclusion of reservoirs with very short water residence time (e.g., < 14 days). As the
effects of flushing rate on autotrophic potential are continuous, there is no defensible
basis for selecting an arbitrary threshold to distinguish sensitive vs. non-sensitive water-
bodies. Adopting criteria based on biological attributes (chlorophyll concentration)
resolves this issue by identifying lakes where the effects of nutrient enrichment have
exceeded an algal-biomass threshold and avoids mitigation efforts for lakes where
nutrient concentrations may be high but algal production is constrained by low
autotrophic potential (fast flushing and low critical depth). Another important advantage
of this approach is that chlorophyll concentrations are directly related to a number of
factors that have a direct effect on the water body’s capability to serve designated uses.
These include: (1) taste/odor/toxicity effects arising from algal blooms in reservoirs used
as drinking water sources, (2) reductions in water column transparency diminishing
swimming and other recreational uses during algal blooms, and (3) effects of hypoxia on
recreational fisheries and biodiversity arising from enhanced algal production.

We have expressed candidate nutrient criteria as both TP and Chl-a
concentrations in response to an expectation that EPA may require that criteria be
expressed as both as nutrient concentrations and as effects-based variables (SD and/or
Chl-a). However, we believe that candidate criteria expressed as Chl-a concentrations
of Table 8 provide a more appropriate basis for implementation than those expressed
as TP concentrations.
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Figure 9. Lake-median (April — October) Chl-a vs. TP concentrations, by ecoregion, for
the Virginia impoundments used in this study. Three lakes with Chl-a medians > 50 ug/L
(outliers) are not represented.
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Nutrient Requirements for Fisheries: Perspective and Recommendations

The committee is recommending candidate criteria for fishery recreation and
aquatic life in recognition of DEQ’s obligation to develop freshwater nutrient criteria in a
manner that is consistent with EPA’s requirements and timeline. Based on analyses
described above, the Committee suggests candidate criteria that would be protective of
fishery recreation and aquatic life in the state’s impoundments (Table 8). We believe
these criteria are derived from the available data via a thorough analysis using
defensible methods. The candidate criteria are recommended expecting that DEQ will
seek to balance the nutrient requirements of recreational fisheries against those of other
potential uses, including contact recreation and public water supplies, in defining
nutrient criteria for implementation, and that DEQ’s implementation would include a
systematic review and evaluation, as discussed below.

However, when looking at the analyses from a scientific perspective, the
committee has reservations. For the following reasons and from a scientific perspective,
we consider the available data to be less than an ideal basis for the analyses
performed:

e VDGIF biologists’ recreational fishery assessments, although based on
professional knowledge of fish populations in each reservoir, are subjective. If
available, data quantifying populations of recreational fishes and other aquatic
species that represent a number of impoundments and are comparable across
impoundments would be more desirable as a basis for conducting this task.

e Because some impoundments considered in the analysis are represented by
relatively small numbers of observations, available data are not capable of
characterizing water quality conditions with a high level of certainty. Most months
for most lakes are represented only by one observation collected during a single
year, and thus do not represent interannual variability. Lake nutrient conditions
can change both throughout any given year and from year to year as a result of
climatic variations and other factors.

e Because examples are few within the state’s reservoirs where fisheries are
known to be impaired due to nutrient overenrichment, the available data do not
allow for a precise definition of the criteria.

In the committee’s view, the candidate criteria expressed as Chl-a concentrations
(Table 8) provide a more appropriate basis for implementation than those expressed as
TP concentrations.

The committee recommends that DEQ’s implementation of nutrient criteria
should include a process that embodies systematic review, evaluation, and refinement
as recommended by the our July 2004 report (AAC, 2004). We recommend that
components of that review and evaluation process for lakes and reservoirs should
include:
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Maintenance of a consistent monitoring approach and development of a more
complete data record with improved utility for characterizing Virginia lakes’
responses to nutrient inputs, which can be used to aid the process of criteria
evaluation and refinement.

A systematic method for developing an improved descriptive database for the
state’s impoundments. Availability of such a database can be expected to
improve DEQ's ability to categorize impoundments based on differences in
response to nutrient inputs and to understand underlying reasons for those
differences. Such a database would include information on waterbody usage and
morphometric/physiographic features (such as surface area, volume, mean
depth, watershed areas, surface water inflows, and retention time) that influence
response to nutrient inputs.

A process of responding to numeric criteria violations that includes an evaluation
of whether or not the water body in question is serving its designated use(s),
combined with an associated process for making similar determinations in water
bodies that are not in violation of numeric criteria.

Review and evaluation of the number and location of monitoring points within
individual lakes, including development and/or refinement of a rationale for each
monitoring point’s placement and documentation of that rationale so as to enable
the process of criteria review, evaluation, and refinement to consider spatial
variability within impoundments.
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Il. Rivers and Streams

Analysis of USGS and EPA Studies

Water Quality Academic Committee Report on the Ultility of Ongoing Studies in Virginia
and Neighboring States for Nutrient Criteria Development for Wadeable Streams,
by Leonard Smock

Introduction

As part of the process of developing nutrient criteria for wadeable streams, the
Virginia Department of Environmental Quality (DEQ) determined that it would be useful
to identify existing or planned studies from neighboring states that might assist Virginia
in the development of its nutrient criteria. ldentifying data or studies focused on the
relationships between nutrient concentrations and appropriate response variables from
states that share nutrient ecoregions with Virginia could greatly assist and expedite
DEQ’s nutrient criteria development process.

The Academic Advisory Committee was requested to review several ongoing
studies, identified by DEQ, to determine their potential for aiding the development of
Virginia’s nutrient criteria. These studies approach the problem with a focus on using
periphyton as the primary response variable affected by varying nutrient concentrations
in streams. The studies are reviewed here in terms of their proposed objectives,
appropriateness of methodologies, data to be produced, and projected outcomes. The
primary focus of this review thus is to determine the potential value and timeliness of
these studies in assisting DEQ with the development of nutrient criteria for wadeable
streams in Virginia.

Maryland-USGS and Pennsylvania-USGS: Efforts to Develop Response-Based
Nutrient Criteria

Overview

Two of the efforts that hold promise for providing useful information are
coordinated proposals to the EPA by Maryland and Pennsylvania. The initial proposal
was developed jointly by the Maryland Department of the Environment and the
Pennsylvania District of the US Geological Survey, titled “A Regional Approach to the
Development of a Response-Based Nutrient Criterion for Wadeable Streams in Nutrient
Ecoregions IX, XI, & XIV” (Appendix D). This proposal was funded, with field work
having been completed during the summer 2004. Samples are presently being
processed. The Pennsylvania Department of Environmental Protection and the USGS
subsequently submitted a similar proposal to EPA, titled “A Response-Based Approach
for Development of Nutrient Criteria in the Mid-Atlantic States” (Appendix E). That work
also has been funded, with the intent of effectively doubling the sampling effort of the
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Maryland-USGS project. Field work for this project is scheduled for completion during
the summer of 2005. Although data from both projects could be analyzed separately, it
should be the intent of the agencies to eventually pool their data to increase the
statistical robustness of their analyses.

Objectives and Methodology

The overall objective of the two studies is to use an effects-based approach,
rather than a reference condition approach, to develop nutrient criteria for wadeable
streams in three nutrient ecoregions shared by Virginia, Maryland, Pennsylvania and
West Virginia. The studies focus on the linkage of nutrient concentrations with
chlorophyll-a and minimum dissolved oxygen (DO) concentrations, as well as
periphyton community attributes. The projected outcome of the studies is the
establishment of threshold nutrient concentrations that result in a desired minimum DO
concentration for streams in each of the three nutrient ecoregions. These thresholds
then could be used either to support EPA’s suggested nutrient criteria based on
reference conditions or as an alternative to EPA’s approach and threshold
concentrations.

Using information in the PA-USGS proposal, which refers to the number of
streams to be sampled in both studies, there would be 24 streams sampled for each
study, for a total of 48 streams across the three ecoregions. The MD-USGS work this
past summer, however, resulted in only 15 streams being sampled and thus something
less than the projected 48 streams will be included in the overall data base. The
ecoregions that are the focus of the study are Nutrient Ecoregions IX: Southeastern
temperate forested hills and plains; XI: Central and eastern forested uplands; and XIV:
Eastern coastal plain. Site selection is based on a stratified random design, with the
three strata being ecoregion, stream order (2" through 4™ order), and nutrient
environment (low, medium and high concentrations). All sampling is conducted during
the summer months in order to maximize the likely response of periphyton and DO to
nutrients.

The focus of the studies is on the effect of both nitrogen and phosphorus
concentrations on the response variables. Appropriate USGS and EPA sampling,
sample analysis, and QA/QC protocols are being followed. Single grab samples of
water are collected and analyzed from each stream to determine the concentrations of
the various forms of nitrogen and phosphorus, other standard water quality parameters,
and total organic carbon (TOC), the latter to provide an indication of water column DO
demand. Data on DO concentrations in each stream are derived using continuous
recorders over a 48-hour period, allowing the determination of nighttime, minimum DO
concentrations. Benthic chlorophyll-a concentrations are used as surrogates for
periphyton biomass. Data also are collected at each stream on periphyton community
metrics, including species composition of the diatom community.
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Analysis of projected outcomes of the studies

The three nutrient ecoregions included in these studies cover a large majority of
the streams in the Commonwealth, and thus, the studies have the potential for broad
utility to DEQ. One caveat to this point is that the assumption must be made that there
is sufficient homogeneity within each ecoregion such that the periphyton communities of
streams across these geographically rather broad ecoregions react in the same way to
nutrient concentrations as they do in Virginia. These studies likely will not be sufficiently
robust to test that assumption, but this probably will not be enough of a problem that it
limits the usefulness of the studies to Virginia.

The general design of the studies may provide useful information that could
assist in the development of nutrient criteria. One potential problem, however, concerns
sampling replication. Only one sample per stream is being taken for the determination
of nutrient and chlorophyll-a concentrations, raising the question of how representative
a sample will be of conditions in the stream. In addition, the grab sample will only
provide information on existing nutrient concentrations, with no indication of the nutrient
conditions under which the periphyton grew. These limitations may impact the analysis
of the relationship between nutrient concentrations and periphyton growth.

The number of streams to be sampled also will place limitations on the ability of
the studies to fully reach their goals. The stratified random sampling design indicates
that there will be three strata (ecoregion, stream order, and nutrient regime), each with
three categories. Only when data from the two studies are pooled may there be
sufficient replication of the test categories. The PA-USGS sampling effort for this
coming year needs to sample as many streams as possible.

Data analysis focuses on determining the nutrient concentration (either N or P)
that results in a DO concentration of 5 mg/L, the water quality standard for DO. A
general problem with the approach of these studies is that they assume that the
response variables, including DO, are directly reacting to nutrient concentrations. This
is a tenuous assumption. The proposals do attempt to take into account in the data
analysis the problem that periphyton growth may be limited by some other factor. For
example, since many of the low order streams to be sampled probably have partial to
full canopy cover, it is very likely that during the summer, light will be the factor limiting
periphyton growth in at least some, if not many, of the streams. Unless a nutrient is the
limiting factor, differences in periphyton growth and DO concentrations among streams
will not be in response to differences in nutrient concentrations.

The proposed data analysis makes an attempt to alleviate this problem, but the
analysis to be used seemingly employs circular reasoning. In essence, it pre-selects
points by assuming that the lowest points on the plot of nutrient vs. DO concentrations
are from streams that are nutrient limited and that other points are from streams where
periphyton growth is limited by some other factor. Only the lowest points on the plot are
then used in a regression analysis to mathematically express the nutrient-DO
relationship. Thus, only those points that are presumed to define the relationship are
used to quantify the relationship. Unfortunately, there will be no data to allow a
determination if any of the streams are nutrient limited and thus appropriate for

40



determining the nutrient-periphyton relationship. Defense of a nutrient criterion from this
line of data analysis may be difficult.

Since light is a likely limiting factor during the summer, it could be incorporated
into the data analysis to remove its effects. Categorizing the extent of canopy cover
(e.g., open, partial, and full) and using that information in a multiple regression may
result in a more accurate determination of the nutrient-DO relationship.

Another point to consider is that the study design and data analysis assume that
the nighttime minimum DO concentration in a stream is a result of the DO demand
placed on the stream by periphyton, both through respiration and their decay. Other
sources of demand and reaeration are not incorporated into the study. The
concentration of TOC in the water column will be determined, but there is no
consideration of benthic organic matter, which in shallow streams usually accounts for a
greater proportion of the DO demand than does organic carbon in the water column. In
addition, variability in reaeration rates among streams will not be taken into account;
differences in stream geomorphology and hydrology can have a marked effect on
reaeration and hence on the minimum DO concentration in a stream.

The above real and potential problems with the proposed data analysis may limit
the potential value to DEQ of this aspect of the studies. The studies will provide far
better information than presently exist on the relationship of nutrients with DO and
periphyton growth in wadeable streams. The data thus will provide a good next step in
the development of the criteria, but the limitations of the studies must be fully
recognized.

The data on periphyton community structure and species composition will be
useful for the later development of a periphyton IBI that could be correlated with the
general nutrient environment and eutrophication status of the streams. Much highly
useful data will be made available. It is possible that this information, coupled with the
information derived from The Academy of Natural Sciences-DEQ study, will provide a
mechanism to classify streams based on their eutrophication status, which could lead to
better establishment of a nutrient-periphyton relationship and thus nutrient criteria.

The Academy of Natural Sciences-Virginia DEQ Study on Periphyton-Nutrient
Relationships

Overview

The Philadelphia Academy of Natural Sciences and DEQ collaborated on a
proposal (Appendix F) to EPA’s Environmental Monitoring and Assessment Program
(EMAP) for funding of a proposal titled “The Development of an Algae-based Water
Quality Monitoring Tool for Virginia Streams.” That proposal was funded, samples were
collected during September through November 2004, and the samples are presently
being processed. A second year of the project, however, has not been funded, and the
limited number of streams that were sampled may decrease the usefulness of this
project.
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Objective and Methodology

The study focuses on determining the relationship of algal biomass and species
composition with nutrient conditions in wadeable streams in Virginia. The desire is to
determine algal indicators of nutrient conditions that are appropriate for streams in
Virginia, that can be incorporated into biomonitoring programs, and that ultimately can
distinguish between different states of eutrophication.

The study uses standard EPA sampling and laboratory protocols. Some number
less than the 40-70 sites that were proposed for sampling were actually sampled during
the 2004 field season. Streams were chosen from DEQ’s ongoing probabilistic
biomonitoring sampling sites. Data will be available for each stream on chlorophyll-a,
algal biomass, and species composition of the periphyton community. The proposal
does not indicate that samples were collected to determine nutrient concentrations, but |
assume that grab samples were taken for analysis of both N and P. Data analysis will
focus on these parameters as well as periphyton community metrics such as species
richness and dominance.

Analysis of Projected Outcomes of the Studies

The study takes a broad effects-based approach to determining the relationship
of aspects of the periphyton community to nutrient concentrations in wadeable streams.
The general approach should provide useful information that could be used in the
development of nutrient criteria, although no indication is given in the proposal as to
how the data will be analyzed to this effect. At this time, it appears the study is focused
on data collection, and the consideration of data analysis will be made at a later time.
Another point is the underlying premise of the study: the extent of periphyton growth in
the streams is directly dependent on nutrient concentrations, rather than some other
factor such as light. Until this connection is demonstrated, there will be uncertainty in
any conclusions on a nutrient-periphyton relationship drawn from the study.

For the data to be useful in the development of nutrient criteria, DEQ will have to
be able to adequately characterize the nutrient conditions in the streams or at least
categorize the eutrophication status of the streams. The former may suffer unless there
are more data on nutrient concentrations in the stream beyond a grab sample taken at
the time of the periphyton sampling. The second approach would establish
eutrophication categories defined by the extent of periphyton growth in streams.
Nutrient concentrations associated with an unacceptable level of stream eutrophication,
as defined by periphyton biomass or chlorophyll-a, would assist in setting nutrient
criteria. The challenge here is to determine what is an acceptable vs. unacceptable
level of periphyton in a stream. Data tying levels of periphyton growth to water quality
parameters for which there exists a standard (e.g., DO) or to the degrading of other
biological characteristics of the stream will be necessary for this approach to be of use
for nutrient criteria development.

The results from this study probably can be linked to results on the periphyton
community in streams being generated from the MD-USGS and PA-USGS studies.
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There is sufficient similarity in the methodologies of the studies that the data could
possibly be pooled, providing a larger data base for analysis. If additional sampling is
conducted in the future for this or similar studies, attention should be placed on insuring
compatibility with the existing data base.
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Appendix A. Lakes and Reservoirs Data Summary

Table A-1. Correspondence of DEQ monitoring stations with lake names for analysis.

Station ID DEQ Lake Name Station ID DEQ Lake Name
1ALOH001.20 Abel Lake 6BLSR008.12 Corder Bottom Lake (Bark Camp L.)
1ALOH002.20 Abel Lake 6BLSR008.32 Corder Bottom Lake (Bark Camp L.)
1APOMO013.02 Abel Lake 6BLSR008.52 Corder Bottom Lake (Bark Camp L.)
1APOMO013.41 Abel Lake 5ALZT000.12 Crystal Lake
5ALTD005.10 Airfield Pond 1ALOMO007.93 Curtis Lake
2-XLWO000.60 Amelia Lake 2-DSC005.85 Diascund Reservoir
4ABANO012.46 Banister Lake 2-DSC005.91 Diascund Reservoir
2-BRC001.55 Bear Creek Lake 2-DSC006.03 Diascund Reservoir
1ABEEO000.40 Beaverdam Creek Reservoir 2-DSC006.46 Diascund Reservoir
1ABEEOO01.40 Beaverdam Creek Reservoir 2-DSC006.65 Diascund Reservoir
7-BEA002.82 Beaverdam Reservoir (coast) 2-DSCO007.09 Diascund Reservoir
7-BEA005.82 Beaverdam Reservoir (coast) 2-DSC008.12 Diascund Reservoir
7-BEE000.60  Beaverdam Reservoir (coast) 2-WLNO007.36 Douthat Lake
4AXKD003.34 Beaverdam Reservoir (Bedford) 1BNTHO045.36 Elkhorn Lake
4ASCB004.58 Bedford Reservoir 5AMHNO053.00 Emporia Lake
6BPLL012.79 Big Cherry Reservoir 5AMHNO053.29 Emporia Lake
6BPLL012.99 Big Cherry Reservoir 5AMHNO057.92 Emporia Lake
6BPLL013.59 Big Cherry Reservoir 4AGOB003.86 Fairy Stone Lake
2-BRI010.78  Briery Creek Lake 2-FAC003.85 Falling Creek Reservoir
2-BRI013.12  Briery Creek Lake 2-CFK004.34 Fluvanna Ruritan Lake
4APLP000.45 Brookneal Reservoir 5ACDRO000.30 Fort Pickett Reservoir
5ARDCO007.30 Brunswick County Lake 5ANTW127.14 Fort Pickett Reservoir
1ASOH006.66 Burke Lake 5ANTW128.67 Fort Pickett Reservoir
1ASOHO007.26 Burke Lake 5ADBS001.00 Game Refuge Lake
4ATMAO004.60 Burton Lake 9-PKC016.91 Gatewood Reservoir
9-NEW129.80 Byllesby Reservoir 9-PKC017.71  Gatewood Reservoir
9-NEW132.86 Byllesby Reservoir 2-XEP000.44 Goodwin Lake
4ACRV006.19 Carvin Cove Reservoir 1AGOO0003.82 Goose Creek Reservoir
4ACRRO008.32 Cherrystone Lake 1AGO0004.89 Goose Creek Reservoir
2-CHK024.07 | Chickahominy Lake 2-GRA000.40 Graham Reservoir
2-CHK025.15 | Chickahominy Lake 5AGTC009.94 Great Creek Reservoir
2-CHK026.94 Chickahominy Lake 5AGTC011.35 Great Creek Reservoir
2-CHK029.54  Chickahominy Lake 4AGEO011.38 Gretna Lake
2-JCB000.80 Chris Green Lake 2-WERO002.06 Harrison Lake
9-NEWO087.14 Claytor Lake 7-POQ005.72 Harwoods Mill Reservoir
9-NEWO089.34 Claytor Lake 7-POQ006.84 Harwoods Mill Reservoir
9-NEW092.66 Claytor Lake 9-HGNO001.06 Hogan Lake
9-NEW098.32 Claytor Lake 9-HGNO001.29 Hogan Lake
9-NEW100.54 Claytor Lake 2-HOL001.05 Holiday Lake (Appomattox)
9-PKC000.00 Claytor Lake 6CHUNO004.76 Hungry Mother Lake
9-PKC004.16  Claytor Lake 6CHUNO005.24 Hungry Mother Lake
4AHTA003.26 Conner Lake 6CHUNO006.13 Hungry Mother Lake
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Station ID DEQ Lake Name Station ID DEQ Lake Name
6ACNRO000.00 John W. Flannagan Reservoir 1ABRU017.58 | Lake Manassas
6ACNRO001.03 John W. Flannagan Reservoir 1ABRUO018.78 | Lake Manassas
6APNR001.82 John W. Flannagan Reservoir 2-LKM001.16 Lake Maury
6APNRO007.67 John W. Flannagan Reservoir 2-LMD000.02 Lake Meade
6APNRO008.15 John W. Flannagan Reservoir 2-LMD000.20 Lake Meade
4AGRA003.22 Kerr Reservoir 2-LMD000.41 Lake Meade
4AR0OA022.52 Kerr Reservoir 2-LMD001.41 Lake Meade
4AR0OA028.04 Kerr Reservoir 2-LMD002.07 Lake Meade
4AR0OA032.42 Kerr Reservoir 2-JKS044.60 Lake Moomaw
4AR0OA043.14 Kerr Reservoir 2-JKS046.40 Lake Moomaw
4ASRNO005.14 Keysville Reservoir 2-JKS048.90 Lake Moomaw
2-SIN000.44 Lake Albemarle 2-JKS053.48 Lake Moomaw
8-CON002.32 Lake Anna 2-XLU000.10 Lake Nelson
8-ELK003.35 Lake Anna 8-CLC003.48 Lake Orange
8-GMC000.23 Lake Anna 8-CLC004.28 Lake Orange
8-NAR034.92 Lake Anna 3-MTN025.17 Lake Pelham
8-NAR037.22 Lake Anna 2-MI1C002.44 Lake Powell
8-NAR043.00 Lake Anna 2-MIC002.84 Lake Powell
8-NAR044.68 Lake Anna 2-LPR000.02 Lake Prince
8-NAR047.17 Lake Anna 2-LPR007.55 Lake Prince
8-NAR047.69 Lake Anna 2-NWBO006.56 Lake Prince
8-NAR054.17 Lake Anna 2-XMW000.72 Lake Robertson
1BDRI005.55 Lake Arrowhead 7-LAS000.06 Lake Smith
2-NWBO007.04 Lake Burnt Mills 7-LAS001.03 Lake Smith
2-NWB009.48 Lake Burnt Mills 7-LAS001.44 Lake Smith
2-NWB010.54 Lake Burnt Mills 2-BR0O003.55 Lake Taylor
2-APP020.23 Lake Chesdin 2-BR0O003.95 Lake Taylor
2-APP023.27 Lake Chesdin 7-LCCO005.40 Lake Wright
2-APP026.67 Lake Chesdin 2-SFT006.10 Lakeview Reservoir
2-APP028.58 Lake Chesdin 6CLAU001.84 Laurel Bed Lake
2-APP029.23 Lake Chesdin 6CLAU003.05 Laurel Bed Lake
2-APP061.02 Lake Chesdin 2-LHR000.96 Lee Hall Reservoir
2-LCN000.20 Lake Cohoon 2-LHR001.76 Lee Hall Reservoir
2-LMD004.35 Lake Cohoon 2-LHR002.56 Lee Hall Reservoir
2-LMDO005.55 Lake Cohoon 4AROA140.66 | Leesville Lake
4AROA000.00 Lake Gaston 4AROA145.34 | Leesville Lake
4AROA004.54 Lake Gaston 4AR0A153.59 Leesville Lake
4AROA008.66 Lake Gaston 2-LTLO01.20 Little Creek Reservoir (2LTL)
4AMESO007.54 Lake Gordon 2-LTL001.60 Little Creek Reservoir (2LTL)
6BPWL024.64 Lake Keokee 2-LTL002.46 Little Creek Reservoir (2LTL)
6BPWL025.20 Lake Keokee 7-LTR000.04 Little Creek Reservoir
6BPWL025.32 Lake Keokee 7-LTR000.95 Little Creek Reservoir
2-LKK000.80 Lake Kilby 9-LRV000.44 Little River Reservoir (New)
2-PKC001.84 Lake Kilby 2-L.SL000.16 Lone Star Lake F
7-LAK000.34 Lake Lawson 2-LSL000.04 Lone Star Lake G
7-LAK000.41 Lake Lawson 2-LSL000.20 Lone Star Lake |
1ABRU016.28 Lake Manassas 4ABAU005.34 Martinsville Reservoir
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Station ID DEQ Lake Name Station ID DEQ Lake Name
5AMDTO004.94 Modest Creek Reservoir 4AR0OA158.22 Smith Mountain Lake
3-MOT000.39 Motts Run Reservoir 4AROA163.76  Smith Mountain Lake
3-MOT001.19 Motts Run Reservoir 4AR0OA167.34  Smith Mountain Lake
3-MTNO028.68 Mountain Run Lake 4AROA175.63 Smith Mountain Lake
7-MTL000.20 Mt. Trashmore Lake 4AR0A180.21 Smith Mountain Lake
8-NIR012.99 Ni River Reservoir 4AR0OA183.64 Smith Mountain Lake
8-NIR016.09 Ni River Reservoir 4AR0OA192.94  Smith Mountain Lake
8-PNB000.05 Ni River Reservoir 4AR0OA196.05 Smith Mountain Lake
1BBKNO001.81 North Fork Back Creek 4AWTHO000.40  Smith Mountain Lake
6APNKO001.26 North Fork Pound Reservoir 2-RRS003.59 South Fork Rivanna Reservoir
6APNK001.87 North Fork Pound Reservoir 2-RRS005.62 South Fork Rivanna Reservoir

6APNK002.08
5ANTW143.06
5ANTW145.30
2-L.DJ000.60
2-POL017.59
4ASRE046.90
4ASRE048.98
4ASRE052.31
4ASRE056.06
2-STG000.21
2-STG000.91
2-SDY011.08
4ARFK000.20
9-XBL000.20
9-XBL000.98
9-XBL001.02
2-MBNO000.96
2-SDY004.27
2-SDY005.85
1BCNG003.13
2-TBM000.92
1AAUA012.15
1AAUA012.55
1ABEDO000.19
4ABSA000.62
4ABWR002.50
4ABWRO010.55
4ABWRO017.42
4ACCK001.80
4ACOA000.60
4AGIL002.39

North Fork Pound Reservoir
Nottoway Falls Lake
Nottoway Falls Lake
Nottoway Lake

Pedlar River Reservoir
Philpott Reservoir
Philpott Reservoir
Philpott Reservoir
Philpott Reservoir
Powhatan Lake - Lower
Powhatan Lake - Upper
Prince Edward Lake
Roaring Fork Reservoir
Rural Retreat Lake
Rural Retreat Lake
Rural Retreat Lake
Sandy River Reservoir
Sandy River Reservoir
Sandy River Reservoir
Shenandoah Lake
Slate River Dam

Smith Lake

Smith Lake

Smith Lake

Smith Mountain Lake
Smith Mountain Lake
Smith Mountain Lake
Smith Mountain Lake
Smith Mountain Lake
Smith Mountain Lake
Smith Mountain Lake

6CSFH062.93
6CSFH066.16
6CSFHO070.80
2-SPE000.17
2-SPE001.18
2-SHS001.00
2-MNRO014.50
2-SFT022.14
2-DYC000.19
2-SFT031.08
2-SFT031.28
2-SFT032.53
2-SFT033.42
2-SFT034.38
1BSKDO003.18
4ADAN196.09
2-TR0O000.40
2-TRHO000.40
2-TOT001.01
4ADAN187.94
4ATWTO009.63
8-QEN007.02
8-QEN007.22
8-QEN008.02
8-QEN008.58
2-NWB002.93
2-NWB004.14
2-NWB004.67
2-NWB006.06
6BXAR000.69

South Holston Lake

South Holston Lake

South Holston Lake
Speights Run Lake
Speights Run Lake
Stonehouse Creek Reservoir
Sugar Hollow Reservoir
Swift Creek Lake

Swift Creek Reservoir
Swift Creek Reservoir
Swift Creek Reservoir
Swift Creek Reservoir
Swift Creek Reservoir
Swift Creek Reservoir
Switzer Lake

Talbott Reservoir

Third Branch Lake
Thrashers Creek Reservoir
Totier Creek Reservoir
Townes Reservoir

Twittys Creek

Waller Mill Reservoir
Waller Mill Reservoir
Waller Mill Reservoir
Waller Mill Reservoir
Western Branch Reservoir
Western Branch Reservoir
Western Branch Reservoir
Western Branch Reservoir
Wise Lake
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Table A-2. Lake median values derived by 4 methods® and ecoregion locations.

Chl-a- Chl-a- Chl-a- Chl-a- SD- SD- SD- SD-
Lake S1 S2 S3 Mo S1 S2 S3 Mo
Abel Lake 2.56 1.93 1.93 217
Banister Lake 5.75 4.66 4.66 0.93 090 0.90
Beaverdam Res. (Bedford) 4.66 4.18 4.10 4.18 215 200 2.00 2.08
Big Cherry Reservoir 3.72 2.60 3.27
Briery Creek Lake 10.71 954 1065 12.13 138 140 140 1.35
Brookneal Reservoir 4.27 4.10 5.17 4.27 1.78 170 145 1.80
Byllesby Reservoir 0.99 1.53 1.17 1.30 0.73 070 0.68 0.7
Carvin Cove Reservoir 4.47 4.07 4.07 4.47 0.95 1.00 1.00 1.00
Cherrystone Lake 6.12 5.16 5.16 4.54 163 160 160 1.70
Chickahominy Lake 1149 1598 13.61 15.71 095 093 0.85 0.88
Claytor Lake 6.59 6.28 5.81 6.21 190 175 173 1.75
Crystal Lake 10.06 10.59 10.59 8.85 0.70 055 055 0.63
Curtis Lake 5247 54.96 0.60 0.60
Diascund Reservoir 19.44 19.27 21.75 2459 0.88 0.88 1.00 0.80
Douthat Lake 2.57 2.07 2.10 2.63 3.74 381 364 3.68
Elkhorn Lake 3.32 2.20 2.20 2.33 311 324 324
Emporia Lake 9.35 5.85 6.84 6.73 0.83 0.83 0.80 0.85
Fairy Stone Lake 1.80 1.80 1.90 190 1.40
Falling Creek Reservoir 10.64 10.39 9.98 10.57 1.03 093 093 1.00
Fort Pickett Reservoir 15.99 1494 1508 1522 0.70 0.68 0.65
Gatewood Reservoir 2.28 2.28 2.38 2.33 255 255 255 240
Graham Reservoir 3.67 4.31 3.48 2.94 160 165 1.70 1.60
Great Creek Reservoir 4.90 8.67 3.50 3.94 120 125 133 1.30
Gretna Lake 5.56 4.71 4.65 0.80 0.75
Harrison Lake 14.16 3.01 3.01 3.14 0.65 055 0.55
Harwoods Mill Res. 8.68 9.22 7.69 8.29 130 123 125 1.20
Hungry Mother Lake 4.03 3.70 3.70 3.93 195 203 206 220
John W. Flannagan Res. 2.83 3.69 2.71 2.85 424 444 373 391
Kerr Reservoir 11.03 10.75 10.17 9.66 1.35 140
Keysville Reservoir 21.12 095 095 0.95
Lake Albemarle 29.86 2451 2434 18.38 147 138 151 1.32
Lake Anna 2.65 2.65 2.32 145 145 1.45
Lake Burnt Mills 17.80 2241 22.41 1.04 114 114 1.14
Lake Chesdin 1756 17.73 17.73 17.38 0.78 085 0.85 0.85
Lake Cohoon 33.00 33.00 25.41 29.05 071 0.79 0.81 0.70
Lake Frederick 4.83 4.77 4.58 4.78 268 274 263 275
Lake Gaston 4.24 5.03 4.74 150 1.30
Lake Kilby 3141 26.83 23.09 27.63 1.03 110 1.08 1.05
Lake Meade 2491 2591 26.21 20.29 1.05 1.01 1.06 1.10
Lake Moomaw 3.46 3.13 2.66 2.94 268 245 250 275
Lake Nelson 14.68 13.07 13.07 7.19 162 165 165 1.40
Lake Pelham 4.36 3.89 3.98 0.88 0.60 0.60
Lake Prince 12.10 1333 1340 11.19 125 138 145 150
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Chl-a- Chl-a- Chl-a- Chl-a- SD- SD- SD- SD-
Lake S1 S2 S3 Mo S1 S2 S3 Mo
Lake Robertson 10.93 2.76 3.29 3.29 244 338 3.00 285
Lake Smith 68.76 59.74 63.77 0.50 0.50
Lee Hall Reservoir 17.76  12.00 1237 1417 0.85 085 095 0.80
Leesville Lake 4.24 3.69 3.67 413 150 143 123 1.25
Little Creek Reservoir 67.37 67.03 82.96 0.50 0.50
Martinsville Reservoir 3.31 3.36 1.05 1.05 1.15
Modest Creek Reservoir 16.95 6.68 6.68 1.05 1.00 1.00
Motts Run Reservoir 8.00 7.52 7.52 6.05
Mountain Run Lake 10.38 10.38 11.56 1.15 113 1.20
North Fork Pound Res. 2.61 2.24 2.47 2.15
Nottoway Falls Lake 710 12.68 12.68 6.48 083 090 090 0.75
Pedlar River Reservoir 8.37 4.23 3.41 2.92 243 255 248 235
Philpott Reservoir 2.51 2.33 2.35 1.70 260 263 260 270
Roaring Fork Reservoir 3.50 3.01 3.01 3.54 1.38 138 138 140
Shenandoah Lake 11.88 11.15 12.04 0.65 0.60
Slate River Dam 6.45 3.88 3.88 4.24 0.61 065 065 0.60
Smith Mountain Lake 2.60 2.50 2.53 2.61 230 218 223 220
South Fork Rivanna Res. 6.25 6.25 5.63 5.62 146 146 135 1.53
South Holston Lake 10.44 9.53 8.26 9.24 1.70 164 149 1.64
Stonehouse Creek Res. 35.00 3439 34.39 25.89 0.65 073 0.73
Sugar Hollow Reservoir 3.79 3.77 3.78 3.75 263 2.61 260 263
Swift Creek Lake 1447 17.60 16.43 0.60 0.60 0.60
Swift Creek Reservoir 1423 1293 14.02 1547 1.00 1.00 1.05 1.03
Switzer Lake 1.87 2.06 1.78 1.48 783 760 788 7.90
Thrashers Creek Res. 11.39 1257 1257 13.53 1.00 1.10 1.10
Totier Creek Reservoir 7.19 8.54 8.54 8.55 1.08 093 0.93 0.90
Waller Mill Reservoir 6.49 6.88 6.88 6.86 1.40 1.53 1.50 1.40
Western Branch Res. 10.30 8.76 8.64 8.65 128 145 133 1.25
TN- TN- TN- TN- TP- TP- TP- TP-
Lake S1 S2 S3 Mo S1 S2 S3 Mo
Abel Lake 0.53 0.56 0.53 0.53 0.015 0.020 0.020 0.020
Banister Lake 0.30 0.35 0.35 0.30 0.023 0.025 0.025 0.020
Beaverdam Res. (Bedford) 0.43 0.40 0.38 0.40 0.010 0.010 0.015 o0.010
Big Cherry Reservoir 0.25 0.33 0.30 0.010 0.010 0.010
Briery Creek Lake 0.47 0.45 0.45 0.47 0.015 0.010 0.010 0.013
Brookneal Reservoir 0.35 0.35 0.35 0.35 0.028 0.028 0.025 0.030
Byllesby Reservoir 0.77 0.80 0.79 0.79 0.045 0.035 0.045 0.040
Carvin Cove Reservoir 0.51 0.46 0.46 0.55 0.020 0.020 0.020 0.020
Cherrystone Lake 0.49 0.48 0.48 0.45 0.020 0.020 0.020 0.020
Chickahominy Lake 0.81 0.84 0.81 0.75 0.060 0.063 0.065 0.060
Claytor Lake 0.59 0.60 0.64 0.59 0.020 0.020 0.020 0.020
Crystal Lake 0.69 0.74 0.74 0.74 0.050 0.060 0.060 0.055
Curtis Lake 1.60 1.61 1.28 0.040 0.040 0.040
Diascund Reservoir 0.75 0.58 0.63 0.60 0.030 0.030 0.030 0.030
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TN- TN- TN- TN- TP- TP- TP- TP-

Lake S1 S2 S3 Mo S1 S2 S3 Mo
Douthat Lake 0.29 0.26 0.28 0.25 0.010 0.010 0.010 0.010
Elkhorn Lake 0.24 0.24 0.24 0.25 0.010 0.010 0.010 0.010
Emporia Lake 0.34 0.35 0.36 0.36 0.025 0.025 0.023 0.025
Fairy Stone Lake 0.31 0.22 0.32 0.010 0.010 0.010

Falling Creek Reservoir 0.61 0.64 0.64 0.62 0.035 0.035 0.035 0.030
Fort Pickett Reservoir 0.58 0.63 0.60 0.56 0.050 0.050 0.045 0.050
Gatewood Reservoir 0.35 0.35 0.35 0.35 0.010 0.010 0.010 0.010
Graham Reservoir 0.38 0.38 0.38 0.35 0.018 0.015 0.015 0.020
Great Creek Reservoir 0.30 0.38 0.30 0.35 0.020 0.023 0.023 0.020
Gretna Lake 0.52 0.53 0.42 0.020 0.020 0.020
Harrison Lake 1.10 1.05 1.05 0.050 0.045 0.045
Harwoods Mill Res. 0.58 0.55 0.53 0.55 0.025 0.025 0.025 0.025
Hungry Mother Lake 0.31 0.32 0.30 0.29 0.010 0.013 0.010 0.010
John W. Flannagan Res. 0.34 0.32 0.36 0.35 0.010 0.010 0.010 0.010
Kerr Reservoir 0.51 0.46 0.46 0.47 0.025 0.030 0.028 0.030
Keysville Reservoir 0.93 0.75 0.80 0.85 0.043 0.035 0.035 0.040
Lake Albemarle 0.95 0.92 0.90 0.95 0.028 0.028 0.028 0.030
Lake Anna 0.44 0.43 0.45 0.45 0.010 0.010 0.010 0.010
Lake Burnt Mills 0.69 0.68 0.68 0.025 0.030 0.030 0.030
Lake Chesdin 0.58 0.60 0.60 0.65 0.045 0.045 0.040 0.040
Lake Cohoon 0.92 0.95 0.95 0.91 0.048 0.045 0.050 0.050
Lake Frederick 0.55 0.55 0.55 0.55 0.013 0.010 0.010 0.010
Lake Gaston 0.42 0.43 0.43 0.020 0.020 0.020

Lake Kilby 0.72 0.70 0.66 0.71 0.043 0.045 0.040 0.045
Lake Meade 0.80 0.80 0.75 0.85 0.035 0.040 0.040 0.040
Lake Moomaw 0.35 0.34 0.35 0.35 0.010 0.010 0.010 0.010
Lake Nelson 0.88 0.88 0.88 0.95 0.035 0.033 0.033 0.030
Lake Pelham 0.68 0.75 0.75 0.65 0.025 0.025 0.028 0.020
Lake Prince 0.46 0.46 0.47 0.46 0.025 0.028 0.030 0.020
Lake Robertson 0.45 0.38 0.35 0.35 0.018 0.015 0.015 0.020
Lake Smith 1.45 1.48 1.40 0.165 0.145 0.140

Lee Hall Reservoir 0.70 0.70 0.65 0.75 0.030 0.033 0.033 0.030
Leesville Lake 0.58 0.58 0.60 0.60 0.020 0.020 0.020 0.020
Little Creek Reservoir 1.65 1.55 1.65 0.120 0.135 0.150
Martinsville Reservoir 0.51 0.47 0.44 0.50 0.010 0.010 0.010 0.010
Modest Creek Reservoir 0.75 0.68 0.68 0.75 0.028 0.028 0.025 0.030
Motts Run Reservoir 0.70 0.59 0.59 0.65 0.013 0.015 0.015 0.015
Mountain Run Lake 0.65 0.80 0.80 0.70 0.025 0.025 0.023 0.025
North Fork Pound Res. 0.16 0.21 0.16 0.16 0.010 0.010 0.010 0.010
Nottoway Falls Lake 0.56 0.55 0.55 0.55 0.038 0.038 0.038 0.040
Pedlar River Reservoir 0.28 0.31 0.25 0.25 0.010 0.013 0.010 0.010
Philpott Reservoir 0.27 0.33 0.30 0.25 0.010 0.010 0.010 0.010
Roaring Fork Reservoir 0.35 0.30 0.30 0.35 0.020 0.018 0.018 0.020
Shenandoah Lake 0.65 0.68 0.65 0.030 0.028 0.030

Slate River Dam 0.47 0.52 0.52 0.49 0.020 0.020 0.020 0.020
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Lake TN- TN- TN- TN- TP- TP- TP- TP-
S1 S2 S3 Mo S1 S2 S3 Mo
Douthat Lake 0.29 0.26 0.28 0.25 0.010 0.010 0.010 0.010
Elkhorn Lake 0.24 0.24 0.24 0.25 0.010 0.010 0.010 0.010
Emporia Lake 0.34 0.35 0.36 0.36 0.025 0.025 0.023 0.025
Fairy Stone Lake 0.31 0.22 0.32 0.010 0.010 0.010
Falling Creek Reservoir 0.61 0.64 0.64 0.62 0.035 0.035 0.035 0.030
Fort Pickett Reservoir 0.58 0.63 0.60 0.56 0.050 0.050 0.045 0.050
Gatewood Reservoir 0.35 0.35 0.35 0.35 0.010 0.010 0.010 0.010
Graham Reservoir 0.38 0.38 0.38 0.35 0.018 0.015 0.015 0.020
Great Creek Reservoir 0.30 0.38 0.30 0.35 0.020 0.023 0.023 0.020
Gretna Lake 0.52 0.53 0.42 0.020 0.020 0.020
Harrison Lake 1.10 1.05 1.05 0.050 0.045 0.045
Harwoods Mill Res. 0.58 0.55 0.53 0.55 0.025 0.025 0.025 0.025
Hungry Mother Lake 0.31 0.32 0.30 0.29 0.010 0.013 0.010 0.010
John W. Flannagan Res. 0.34 0.32 0.36 0.35 0.010 0.010 0.010 0.010
Kerr Reservoir 0.51 0.46 0.46 0.47 0.025 0.030 0.028 0.030
Keysville Reservoir 0.93 0.75 0.80 0.85 0.043 0.035 0.035 0.040
Lake Albemarle 0.95 0.92 0.90 0.95 0.028 0.028 0.028 0.030
Lake Anna 0.44 0.43 0.45 0.45 0.010 0.010 0.010 0.010
Lake Burnt Mills 0.69 0.68 0.68 0.025 0.030 0.030 0.030
Lake Chesdin 0.58 0.60 0.60 0.65 0.045 0.045 0.040 0.040
Lake Cohoon 0.92 0.95 0.95 0.91 0.048 0.045 0.050 0.050
Lake Frederick 0.55 0.55 0.55 0.55 0.013 0.010 0.010 0.010
Lake Gaston 0.42 0.43 0.43 0.020 0.020 0.020
Lake Kilby 0.72 0.70 0.66 0.71 0.043 0.045 0.040 0.045
Lake Meade 0.80 0.80 0.75 0.85 0.035 0.040 0.040 0.040
Lake Moomaw 0.35 0.34 0.35 0.35 0.010 0.010 0.010 0.010
Lake Nelson 0.88 0.88 0.88 0.95 0.035 0.033 0.033 0.030
Lake Pelham 0.68 0.75 0.75 0.65 0.025 0.025 0.028 0.020
Lake Prince 0.46 0.46 0.47 0.46 0.025 0.028 0.030 0.020
Lake Robertson 0.45 0.38 0.35 0.35 0.018 0.015 0.015 0.020
Lake Smith 1.45 1.48 1.40 0.165 0.145 0.140
Lee Hall Reservoir 0.70 0.70 0.65 0.75 0.030 0.033 0.033 0.030
Leesville Lake 0.58 0.58 0.60 0.60 0.020 0.020 0.020 0.020
Little Creek Reservoir 1.65 1.55 1.65 0.120 0.135 0.150
Martinsville Reservoir 0.51 0.47 0.44 0.50 0.010 0.010 0.010 0.010
Modest Creek Reservoir 0.75 0.68 0.68 0.75 0.028 0.028 0.025 0.030
Motts Run Reservoir 0.70 0.59 0.59 0.65 0.013 0.015 0.015 0.015
Mountain Run Lake 0.65 0.80 0.80 0.70 0.025 0.025 0.023 0.025
North Fork Pound Res. 0.16 0.21 0.16 0.16 0.010 0.010 0.010 0.010
Nottoway Falls Lake 0.56 0.55 0.55 0.55 0.038 0.038 0.038 0.040
Pedlar River Reservoir 0.28 0.31 0.25 0.25 0.010 0.013 0.010 o0.010
Philpott Reservoir 0.27 0.33 0.30 0.25 0.010 0.010 0.010 o0.010
Roaring Fork Reservoir 0.35 0.30 0.30 0.35 0.020 0.018 0.018 0.020
Shenandoah Lake 0.65 0.68 0.65 0.030 0.028 0.030
Slate River Dam 0.47 0.52 0.52 0.49 0.020 0.020 0.020 0.020
Smith Mountain Lake 0.49 0.47 0.50 0.47 0.020 0.020 0.020 0.020
South Fork Rivanna Res. 0.44 0.44 0.51 0.45 0.023 0.023 0.030 0.025
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Lake TN- TN- TN- TN- TP- TP- TP- TP-
S1 S2 S3 Mo S1 S2 S3 Mo
South Holston Lake 0.47 0.52 0.54 0.47 0.023 0.023 0.023 0.020
Stonehouse Creek Res. 0.75 0.75 0.75 0.88 0.040 0.040 0.040 0.040
Sugar Hollow Reservoir 0.26 0.28 0.28 0.26 0.015 0.015 0.018 0.015
Swift Creek Lake 0.55 0.65 0.65 0.030 0.040 0.040
Swift Creek Reservoir 0.65 0.63 0.58 0.60 0.025 0.023 0.028 0.020
Switzer Lake 0.67 0.63 0.62 0.65 0.010 0.010 0.010 0.010
Thrashers Creek Res. 0.34 0.35 0.35 0.36 0.028 0.035 0.035 0.020
Totier Creek Reservoir 1.07 1.05 1.05 1.08 0.030 0.033 0.033 0.030
Waller Mill Reservoir 0.50 0.48 0.45 0.45 0.020 0.020 0.020 0.020
Western Branch Res. 0.50 0.53 0.51 0.50 0.023 0.020 0.023 0.020
Lake TSS- TSS- TSS- TSS- Ecoregion
S1 S2 S3 Mo
Abel Lake 3 3 3 9
Banister Lake 10 6 6 6 9
Beaverdam Res. (Bedford) 3 3 3 3 11
Big Cherry Reservoir 3 3 3 11
Briery Creek Lake 9
Brookneal Reservoir 3 3 4 3 9
Byllesby Reservoir 13 15 15 14 11
Carvin Cove Reservoir 4 4 3 4 11
Cherrystone Lake 4 3 3 3 9
Chickahominy Lake 4 4 4 4 9
Claytor Lake 3 4 3 3 11
Crystal Lake 9
Curtis Lake 6 6 5 9
Diascund Reservoir 7 5 6 5 9
Douthat Lake 3 3 3 3 11
Elkhorn Lake 3 3 3 3 11
Emporia Lake 7 7 7 7 9
Fairy Stone Lake 11
Falling Creek Reservoir 5 6 6 6 9
Fort Pickett Reservoir 8 8 9 8 9
Gatewood Reservoir 3 3 3 3 11
Graham Reservoir 3 3 3 3 9
Great Creek Reservoir 4 4 4 3 9
Gretna Lake 9
Harrison Lake 11 9 9 9
Harwoods Mill Res. 3 3 3 3 14
Hungry Mother Lake 3 3 3 3 11
John W. Flannagan Res. 3 3 3 3 11
Kerr Reservoir 8 6 6 9
Keysville Reservoir 7 6 7 7 9
Lake Albemarle 4 4 4 4 9
Lake Anna 3 3 3 3 9
Lake Burnt Mills 14
Lake Chesdin 8 10 10 9 9
Lake Cohoon 14
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Lake TSS- TSS- TSS- TSS- Eco-

S1 S2 S3 Mo region
Lake Frederick 3 3 3 3 11
Lake Gaston 9
Lake Kilby 14
Lake Meade 4 4 4 4 14
Lake Moomaw 3 3 3 3 11
Lake Nelson 4 4 4 3 9
Lake Pelham 5 6 6 5 9
Lake Prince 3 3 3 3 14
Lake Robertson 3 3 3 3 11
Lake Smith 12 13 15 14
Lee Hall Reservoir 7 6 6 6 14
Leesville Lake 4 4 4 5 9
Little Creek Reservoir 16 16 18 14

Martinsville Reservoir 9

Modest Creek Reservoir 5 6 6 6 9
Motts Run Reservoir 3 3 9
Mountain Run Lake 3 4 4 4 9
North Fork Pound Res. 3 3 3 3 11
Nottoway Falls Lake 7 8 8 7 9
Pedlar River Reservoir 3 3 3 3 11
Philpott Reservoir 3 3 3 3 9
Roaring Fork Reservoir 3 3 3 3 9
Shenandoah Lake 11 13 13 11
Slate River Dam 9
Smith Mountain Lake 3 3 3 3 9
South Fork Rivanna Res. 9
South Holston Lake 3 3 3 3 11
Stonehouse Creek Res. 10 9
Sugar Hollow Reservoir 3 3 3 3 11
Swift Creek Lake 10 9 9 9
Swift Creek Reservoir 5 5 5 5 9
Switzer Lake 11
Thrashers Creek Res. 9
Totier Creek Reservoir 9
Waller Mill Reservoir 4 3 3 3 9
Western Branch Res. 4 3 4 3 14
Note a:

S1: Seasons defined as April — May, June — July, August — September, October; lake medians
calculated as median of seasonal medians if 3 seasonal medians are present.

S2: Seasons defined as equal-length periods: 4/1 — 5/23, 5/24 — 7/16, 7/17 — 9/7, and 9/8 —
10/31; lake medians calculated as median of seasonal medians if 3 seasonal medians are
present.

S3: Seasons defined as April, May — June, July — August, September — October; lake medians
calculated as median of seasonal medians if 3 seasonal medians are present.

Mo: Lake medians calculated as median of monthly medians, April — October; if at least 6 of the
7 months were represented by measured data.
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Table A-3. Number of observations per lake.

Lake Ch-a SD TN TP Lake Chlka SD TN TP
Abel Lake 14 2 17 17 Lake Arrowhead 1

Airfield Pond 1 1 Lake Burnt Mills 15 18 15 18
Amelia Lake 1 1 1 Lake Chesdin 45 31 43 58
Banister Lake 8 5 6 6 Lake Cohoon 19 19 16 16
Bear Creek Lake 1 1 1 1 Lake Frederick 63 56 63 63
Beaverdam Crk Res. 2 2 Lake Gaston 26 22 271 27
Beaverdam Res. 13 11 14 14 Lake Gordon 1

Bedford Res. 1 1 1 Lake Keokee 6 6
Big Cherry Res. 21 21 21 Lake Kilby 14 14 12 12
Briery Creek Lake 17 13 16 16 Lake Lawson 6 4 4 4
Brookneal Res. 7 7 7 7 Lake Manassas 3 3
Brunswick Cnty Lake 1 1 Lake Meade 34 34 35 35
Burke Lake 1 Lake Moomaw 91 84 135 136
Burton Lake 1 1 Lake Nelson 7 7 7 7
Byllesby Res. 8 6 7 7 Lake Orange 2

Carvin Cove Res. 10 8 11 11 Lake Pelham 5 6 1 11
Cherrystone Lake 7 8 8 8 Lake Powell 2 2
Chickahominy Lake 23 17 21 21 Lake Prince 21 21 21 21
Claytor Lake 197 162 384 325 Lake Robertson 7 7 7 7
Conner Lake 1 Lake Smith 34 31 33 34
Corder Bottom Lake 3 3 3 Lake Taylor 2

Crystal Lake 8 7 7 7 Lakeview Res. 1 1 1 1
Curtis Lake 7 9 12 12 Laurel Bed lake 2 3 3
Diascund Res. 17 16 16 15 Lee Hall Res. 18 21 21 21
Douthat Lake 7 6 7 7 Leesville Lake 69 73 107 108
Elkhorn Lake 7 5 7 7 Little Creek Res. 22 20 22 21
Emporia Lake 15 14 12 12 Little River Res. 1 2 2
Fairy Stone Lake 5 5 5 5 Martinsville Res. 5 5 7 7
Falling Creek Res. 8 8 7 7 Modest Creek Res. 7 6 9 9
Fort Pickett Res. 24 18 21 21 Motts Run Res. 11 2 13 13
Game Refuge Lake 2 1 1 Mountain Run Lake 5 7 11 11
Gatewood Res. 22 24 26 26 Ni River Res. 3 3 3
Goodwin Lake 2 1 1 1 North Fork Back Crk 1

Goose Creek Res. 2 2 4 4 North Fork Pound Res. 21 25 25
Graham Res. 7 6 7 7 Nottoway Falls Lake 9 7 9 9
Great Creek Res. 9 8 9 9 Nottoway Lake 1 1 1 1
Gretna Lake 6 5 6 6 Pedlar River Res. 7 7 8 8
Harrison Lake 6 5 5 5 Philpott Res. 97 87 147 145
Harwoods Mill Res. 12 14 14 14 Powhatan Lake Lower 2 1 1 1
Hogan Lake 1 1 1 1 Powhatan Lake Upper 2 1 1 1
Holiday Lake 1 Prince Edward Lake 2 1 1
Hungry Mother Lake 6 7 10 10 Roaring Fork Res. 7 7 6 6
J.W. Flannagan Res. 23 22 60 43 Rural Retreat Lake 3

Kerr Res. 72 35 61 67 Sandy River Res. 3 2 3 3
Keysville Res. 6 4 8 8 Shenandoah Lake 7 6 7 7
Lake Albemarle 7 7 7 7 Slate River Dam 8 6 7 7
Lake Anna 36 36 67 54 Smith Lake 3 3
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Lake Chl-a SD TN TP
Smith Mountain 506 504 775 777
Lake

S. Fork Rivanna 14 12 14 14
Res.

South Holston Lake 21 18 24 24
Speights Run Lake 2

Stonehouse Creek 6 6 8 8
Res.

Sugar Hollow Res. 6 6 6 6
Swift Creek Lake 7 5 5 5
Swift Creek Res. 34 28 32 32
Switzer Lake 7 7 7 6
Talbott Res. 1 1 1
Third Branch Lake 1

Thrashers Creek 6 6 8 8
Res.

Totier Creek Res. 7 7 8 8
Townes Res. 1 1
Twittys Creek 1 1 1 1
Waller Mill Res. 22 22 22 22
Western Branch 28 28 28 28
Res.

Wise Lake 2 2
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Table A-4. Lakes fishery status ratings and classifications for analysis.

Lake Status  Type VDGIF comments
Abel Lake 2 Warmwater Infertile - Very riverine, steep-sided
Banister Lake 1 Turbid Inorganic turbidity - Small & riverine
Big Cherry Reservoir 3 Warmwater OK
Briery Creek Lake 5 Macrophytes & OK - VDGIF owned
Structure
Brookneal Reservoir 25 Very Small OK
Burton Lake 1 Other - Impaired by inorganic turbidity;
Byllesby Reservoir 3 High flush OK - Riverine
Carvin Cove Reservoir 3 Warmwater OK - Limited access, no mgmt.
Chickahominy Lake 5 Macrophytes & OK - Excellent fishery; lots of wood,
Structure vegetation
Claytor Lake 4 Coolwater OK - WW, CW; riverine
Curtis Lake 4 Fertilized OK - VDGIF fertilizes annually
Diascund Reservoir 5 Warmwater OK
Douthat Lake 2 Trout lake Infertile - Put and take trout (no
summer habitat)
Elkhorn Lake 2 Trout lake Infertile - Supports trout
Emporia Lake 2 High flush Inorganic turbidity - High flushing rate
Fairy Stone Lake 2.5 Warmwater Infertile - Limited info
Fort Pickett Reservoir 3 Mechanically Eutrophic
Aerated
Great Creek Reservoir 3 Turbid Inorganic turbidity - Built 1994
Harrison Lake 2 Turbid Inorganic turbidity
Harwoods Mill Reservoir 4 Warmwater OK - Gets CuS0O4
Hungry Mother Lake 3 Warmwater OK - Frequent drawdowns
John W. Flannagan 3 Coolwater OK - WW and CW
Reservoir
Kerr Reservoir 5 Coolwater OK - Best crappie lake in USA
Keysville Reservoir 3 Warmwater OK - No public access
Lake Albemarle 4 Fertilized OK - VDGIF owned
Lake Anna 4 Big multipurpose OK - Too warm for CW fish
Lake Burnt Mills 4 Warmwater OK
Lake Chesdin 4 Warmwater OK - V. good bass fishery
Lake Cohoon 4 Warmwater OK - Dendritic, forested PWS
Lake Frederick 5 Warmwater -
Lake Gaston 4 Coolwater OK - Hydrilla in upper end
Lake Kilby 3 High flush Other - High flushing rate
Lake Lawson 2 Warmwater Eutrophic - Stunted fish
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Lake Meade

Lake Moomaw
Lake Nelson

Lake Pelham
Lake Prince
Lake Robertson

Lake Smith

Lee Hall Reservoir

Little Creek Reservoir (7LTR)
Martinsville Reservoir
Modest Creek Reservoir
Motts Run Reservoir
Mountain Run Lake

North Fork Pound Reservoir
Pedlar River Reservoir
Philpott Reservoir
Shenandoah Lake

Smith Mountain Lake

South Fork Rivanna
Reservoir
South Holston Lake

Stonehouse Creek Reservoir
Sugar Hollow Reservoir

Swift Creek Lake

Switzer Lake

Thrashers Creek Reservoir
Totier Creek Reservoir
Waller Mill Reservoir
Western Branch Reservoir
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OK - Supports warmwater & coolwater
fishes

OK - WW, CW and trout

OK - Vegetation controlled by grass
carp; VDGIF owned

Other - May be CuSO, treated
OK - Warmwater & Coolwater fish
OK - Fertilized by VDGIF in the past

OK

OK - CuSQy; lots of vegetation
OK - Treated with CuSO,
Infertile

OK -Young, not fully developed fishery
OK - WW and CW fish; deep
Other

Infertile - Recovering from AMD
Infertile

Other

Inorganic turbidity - VDGIF lake
OK

Eutrophic - High flushing rate

OK - WW, CW and trout
OK - VDGIF lake

Other - Stocked with trout, but lose
coldwater habitat in the summer;
stunted crappie

Inorganic turbidity

Infertile - Holds trout over summer
OK - VDGIF lake

Infertile - PWS/flood control

OK - WW, CW

OK



Appendix B

RESERVOIR DYNAMICS: A COMPARISON OF SMITH MOUNTAIN LAKE AND
CLAYTOR LAKE

Dr. David M. Johnson
Dr. Caroline L. Thomas
Life Sciences Division
Ferrum College
Ferrum, Virginia
djohnson@ferrum.edu

KEY WORDS: trophic state, total phosphorus, chlorophyll-a, Secchi depth, nutrient dynamics
ABSTRACT

The dynamics and trophic states of Smith Mountain Lake and Claytor Lake are compared with
each other and with other southern reservoirs studied by William Walker in his work for the
Army Corps of Engineers (Walker, 1996).

The Ferrum College Water Quality Lab has collaborated with the Smith Mountain Lake
Association (SMLA) since 1987 and with the Friends of Claytor Lake (FOCL) since 1996 to
monitor the trophic status of Smith Mountain Lake and Claytor Lake.

Both reservoirs are hydroelectric facilities operated by American Electric Power (AEP), but are
very different impoundments. Smith Mountain Lake has an average hydraulic residence time
(AHRT) of about a year, while Claytor Lake’s AHRT is about a month. SML receives most of
its water from two rivers, the Roanoke and the Blackwater, that form the two main channels of
the lake. The two channels are nearly perpendicular before their confluence produces the lake’s
“main basin.” Claytor Lake is a “run of the river” reservoir on the New River. In addition to the
differences in AHRT and geometric configuration, hydroelectric functions also produce
differences in circulation patterns and water quality dynamics. Both reservoirs produce
hydroelectric power, but Smith Mountain Lake is a “pump-back” facility. The Pigg River joins
the Roanoke River just below the dam so that water from the Pigg River is pumped back to mix
with Smith Mountain Lake water near the dam. The pump-back system also leads to more
frequent variation in the water level in Smith Mountain Lake, which increases lake mixing and
destabilizes the shoreline.

Smith Mountain Lake and Claytor Lake will be compared with each other and with other
southeastern reservoirs in terms of trophic state parameters (total phosphorus, chlorophyll-a, and
Secchi depth), non-algal turbidity, and trophic state index. Additional comparisons will be made
between Smith Mountain Lake and Claytor Lake by considering the rate of change in trophic
status and variation in water quality with distance from the dam. The presentation concludes by
considering how the differences might affect strategies for managing water quality in reservoirs.
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INTRODUCTION

With the assistance of citizen volunteers and student interns, scientists from the Ferrum College
Water Quality Lab have been monitoring the trophic status of Smith Mountain Lake since 1987
and the trophic status of Claytor Lake since 1996. Both water bodies are reservoirs, owned and
operated by American Electric Power (AEP), and were constructed for flood control, generation
of hydroelectric power, and recreation. Claytor Lake, on the New River, dates back to the late
1930’s and is a “run-of-the-river” reservoir with an average hydraulic residence time (AHRT) of
about one month. Smith Mountain Lake dates back to the late 1960’s and has an AHRT of about
a year and receives most of its water from two rivers, the Roanoke and the Blackwater, that form
the two main channels of the lake. The two channels are nearly perpendicular before their
confluence produces the lake’s “main basin.” In addition to the differences in AHRT and
geometric configuration, hydroelectric functions also produce differences in circulation patterns
and water quality dynamics. Both reservoirs produce hydroelectric power, but Smith Mountain
Lake is a “pump-back” facility. The Pigg River joins the Roanoke River just below the dam, and
water from that river is pumped back to mix with SML water in the main basin. The pump-back
system also leads to more frequent variation in the water level in Smith Mountain Lake, which
increases lake mixing and destabilizes the shoreline.

The trophic state of a lake depends on the degree of nutrient enrichment. As nutrients
accumulate in the lake, algal production increases and, in turn, water clarity decreases. The
biomass produced by algae settles in the lake, causing the depletion of dissolved oxygen (DO) in
the hypolimnion, even though algal photosynthesis produces oxygen in the epilimnion during the
day. The diurnal DO swing becomes more severe because increased algal populations produce
more oxygen during the day and consume more oxygen at night.

Trophic status is evaluated by measuring the typical suite of trophic state indicators: total
phosphorus, chlorophyll-a, and Secchi depth. At both reservoirs, the college has worked
cooperatively with the local lake association, i.e., the Smith Mountain Lake Association (SMLA)
and the Friends of Claytor Lake (FOCL). Samples are collected at permanently designated
stations each two weeks during the period between Memorial Day and Labor Day. Trained
volunteer monitors collect the samples and measure water clarity from a boat during a one-week
sampling window, and student interns analyze the samples at the Ferrum College Water Quality
Lab.

Bob Carlson developed algorithms to calculate a trophic state index based on algal biomass
(Carlson, 1977). However, Carlson’s Trophic State Index (TSI) can be calculated from the
seasonal average value of any one of the three trophic state parameters: total phosphorus
concentration (TP) as the indicator of nutrient enrichment, chlorophyll-a concentration (CHA) as
the indicator of algal biomass, or Secchi depth (SD) as the indicator of water clarity. If a lake or
reservoir were functioning in classic fashion, the three TSI values (TSI-TP, TSI-CHA, and TSI-
SD), calculated from each of the three trophic state parameters, would be similar. The average
of the three TSI values is the combined trophic state index, TSI-C.

More recently, William Walker studied 41 southern reservoirs in his work developing a reservoir
model (BATHTUB) for the Army Corps of Engineers (Walker, 1996). He found that insights
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into non-classical behavior could be gained by comparing relative values of TP, CHA, and SD in
the study set.

The full trophic state data set from Smith Mountain Lake (1987-2004) and Claytor Lake (1996-
2004) has been summarized, compared with each other, and compared with average values for
the 41 southern reservoirs included in the Walker study.

METHODS

Field Procedures:

Volunteer monitors measure water clarity with a Secchi disk and collect integrated samples of
the photic zone. The photic zone is operationally defined as twice the Secchi depth (~ 95% light
extinction) and the integrated sample is collected with a rubber hose that has been conditioned in
lake water, marked at one-meter intervals, and fitted with a rope and diver’s weight. The water
sample is mixed in a 4-L polyethylene bucket and an aliquot is placed in a 60-mL polyethylene
bottle for total phosphorus analysis. A second 100-mL aliquot is filtered through a type-A glass
filter, and the filter is analyzed for chlorophyll-a. The procedures used by the volunteer monitors
are described in detail in the Smith Mountain Lake/Claytor Lake Volunteer Monitoring Manual
(Thomas and Johnson, 2003).

Laboratory Procedures:

Analytical methods are adapted from Standard Methods for the Examination of Water and
Wastewater (APHA, 1995). Total phosphorus is measured spectrophotometrically after
persulfate digestion, and chlorophyll-a is measured fluorometrically after acetone extraction.
The detailed methods are described in the Ferrum Water Quality Lab Procedures Manual
(Johnson and Thomas, 2004).

RESULTS AND DISCUSSION

Comparison of Smith Mountain Lake and Claytor Lake to the Reservoirs in Walker’s
study:

Overall average values for total phosphorus, chlorophyll-a, and Secchi depth are displayed in
Table 1 for Smith Mountain Lake (SML), Claytor Lake (CL), and the Walker study (WS).
Trophic state data for SML and CL is grouped by zone, with each zone representing a 5-mile
length of reservoir. Zone 1 is from 0 — 5 miles from the dam and so on; Smith Mountain Lake
has 6 zones, and Claytor Lake has 4 zones. In Table 1, the average value for SML and CL is the
average for all zones; the minimum value is the average value for the zone with the lowest
average, and the maximum is the average value for the zone with the highest average. Both local
reservoirs have lower concentrations of total phosphorus and chlorophyll-a and greater Secchi
depths than the average of the 41 reservoirs included in the Walker study. As expected, the
range of values in the 41 reservoirs in Walker’s study is larger than the range found in SML and
CL.
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Table 1. Average values for trophic state parameters for Smith Mountain Lake, Claytor

Lake, and the Walker study.

Total Phosphorus (ppb Chlorophyll-a (ppb) Secchi Depth (m)
min| max| avg min| max| avg min| max| avg
Smith Mtn Lake 20| 64| 38| [Smith Mtn Lake | 1.8| 11.3| 5.3| |Smith Mtn Lake | 3.2| 1.3] 2.0
Claytor Lake 30| 57| 44| |Claytor Lake 19| 84| 6.5 |Claytor Lake 10/ 16| 13
Walker Study 10| 274 48| |Walker Study 2.0/ 64.0| 9.4| [Walker Study 02| 46| 11

As part of the model development, Walker examined several relationships among the three
trophic state parameters. Three of the relationships are displayed in Figure 2 with brief
interpretations in the boxes below. Average values calculated for the diagnostics for Smith
Mountain Lake and Claytor Lake are neither “high” nor “low,” indicating classical behavior “on
average.” However, the minimum values of CHA*SD and CHA/TP in SML and CL indicate a
low response to nutrients in some zones of SML and CL.

Table 2. Diagnostic variables used in the Walker study with values for Smith Mountain

Lake and Claytor Lake.

Non-algal Turbidity (1/m) CHA*SD (mg/m?) CHAITP
min| max| avg min| max| avg min| max| avg
Smith Mtn Lake | 0.27| 0.52| 0.42| |Smith Mtn Lake | 5.6| 14.0] 8.7| |Smith Mtn Lake | 0.09| 0.17|0.13
Claytor Lake 0.40| 1.00{ 0.60| |Claytor Lake 1.9 13.6| 9.2| |Claytor Lake 0.03| 0.25| 0.2
Walker Study 0.13| 5.2 0.61| |Walker Study 1.8| 31.0| 10.0| |Walker Study 0.04| 0.6 0.2

NAT = 1/SD - 0.025*CHA
Inverse SD corrected for light extinction by CHA
Low: < 0.4; allocthanous PM unimportant?
high response to nutrients
High: >1; alloctanous PM important?
low response to nutrients

mean CHA * mean SD (mg/m?)

Light extinction; algal & non-algal turidity

Low: < 6; nonalgal turbidity dominates
expect low nutrient response

High: > 16; algal turbidity dominates
expect high nutrient response

mean CHA/mean TP
Algal use of phosphorus supply
Low: <0.13; low phosphorus response
algae limited by N, light, or flushing rate
High: > 0.40; high phosphorus response
algae limited by phosphorus

Temporal Variation of trophic state parameters:

The trophic state of Claytor Lake and Smith Mountain Lake has not changed significantly since
the Ferrum Water Quality Lab began the monitoring programs. Figure 1 displays the combined
trophic state index for Claytor Lake.

Figure 1. The combined trophic state index for Claytor Lake (1996 — 2004).
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Trophic status is evaluated by zone in Smith Mountain Lake because water quality changes
significantly as it moves down the long Blackwater and Roanoke channels. Figure 2 displays the
trophic state data for Smith Mountain Lake by year for each of the six zones.

Figure 2. Combined trophic state index for Smith Mountain Lake by zone (1987-2004).
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Spatial Variation of Trophic State Parameters:

Variation of the three trophic state parameters by zone in Smith Mountain Lake is shown in
figures 3, 4, and 5. In each case, the pattern in 2004 is similar to the pattern over the period from
1987 — 2004. The increase in SD towards the dam can be explained by the settling of silt in the
upper channels of the lake. Phosphate strongly adsorbs to clay particles in the silt and the
removal of phosphorus, in turn, leads to reduced CHA. The improved curve fit seen with the
second-order regression is consistent with a settling process following first order kinetics.

Figure 3. Total Phosphorus by zone in Smith Mountain Lake.
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Figure 5. Secchi depth by zone in Smith Mountain Lake.
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Figure 6 shows the variation of trophic state parameters with distance from the dam in Claytor
Lake. Each data point in the figures below represents one of the 12 sampling sites on the lake.
As in Smith Mountain Lake, settling of silt lowers the trophic status of the water near the dam.
However, the extremely turbid headwaters of Claytor Lake inhibit algal growth. The three
stations furthest from the dam have non-algal turbidities above 1 and much lower CHA levels
than would be expected given the high TP concentration at those sites.

Figure 6. Variation of trophic state parameter with distance from dam in Claytor Lake.
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CONCLUSIONS

Smith Mountain Lake and Claytor Lake have the long narrow channels typical of reservoirs. As
a result, the water is not as homogeneous as found in classical lakes. As Virginia develops
assessment criteria and methodologies for lakes and reservoirs, there is a need to consider the
down-channel point at which the riverine channel becomes the lake and should meet state water
quality criteria. AHRT of the reservoir should also be considered because “run-of-the-river”
reservoirs such as Claytor Lake do not develop the internal nutrient dynamics at work in larger
reservoirs such as Smith Mountain Lake.
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