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1.0 INTRODUCTION

Development of regional nutrient criteriais one component of alarger strategy to address water
quality problems associated with nutrient overenrichment and culturally-induced accel erated
rates of eutrophication of waterbodiesin the U.S. The U.S. Environmental Protection Agency
(EPA)and Department of Agriculture have several active program initiatives to address the
nutrient overenrichment problem. These programs address point and nonpoint sources of
pollution, evaluate public health impacts from animal feeding operations, conduct research and
monitoring to provide data and assessment techniques to better characterize the problem, and
have offer nutrient management policies to provide practical support to agricultural operations to
reduce the export of nutrients from their lands. The purpose of the regiona nutrient criteria
development processis to provide numeric targets for the various nutrient management programs
that are regionally appropriate by reflecting geographic variations of waterbody response to
nutrients.

The current nutrient criteria development process for Californiaand EPA Region IX (California,
Nevada, Arizona, and Hawaii) started with the publication of the National Strategy for the
Development of Regional Nutrient Criteria (EPA 1998) in June 1998.

1.1 PURPOSE AND SCOPE

The RTAG /STRTAG isadiverse stakeholder group that has undertaken the task of developing
nutrient criteria that protect designated uses using scientifically defensible methods and
appropriate water quality data. Thiswhite paper is an important milestone and tool in that
process. The white paper was specifically proposed as a pre-draft work plan that would allow the
RTAG and STRTAG stakeholders to develop a common understanding of the language,
concepts, options, procedures needed to develop nutrient criteria. The white paper will be the
primary topic of discussion at atwo day RTAG and STRTAG workshop scheduled for March 14
and 15 in San Diego, California. This document outlines the recommended process, goals,
strategies, options for regionalization categories, and causal and response parameters to be
considered as nutrient criteria. The choices or preferences devel oped during the two-day
workshop will form the basis of the draft work plan for the region.

There are several features of the nutrient criteria process that present unusual opportunities not
typically associated with criteria development. The ecoregional approach is attuned to natural
rather than political boundaries. In addition, the involvement of regional teams that can choose to
lead the process for their region is also precedent setting. The current RTAG and STRTAG work
group framework has successfully responded to these opportunities and will continue to address
the challenges associated with development of nutrient criteriafor the region. A high level of
collaboration between states and regional boards in the affected areas is the most logical
response since ecoregion boundaries are not consistent with political boundaries. There is not
much sense in having severa different entities developing nutrient criteriafor the same
ecoregion. The RTAG and STRTAG forum aso provides an effective forum for coordinating the

Tetra Tech, Inc. Page 1
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use of resources for various facets of the process (e.g., monitoring, public and stakeholder
involvement). The overarching goal of thisinitiative is the development through a science-based
process of common sense nutrient criteria that serve as a numeric target for nutrient management
decisions that protect water quality.

1.2 OVERVIEW OF NUTRIENT CRITERIA DEVELOPMENT PROCESS

The process to develop nutrient criteriafor the region started in 1998 with the publication of the
National Strategy for the Devel opment of Regional Nutrient Criteria (EPA 1998). The process
described in this section isillustrated in Figure 1-1. EPA Region I X made an early commitment
to the regional team concept by calling together the Regional Technical Advisory Group
(RTAG) in 1999 prior to the completion of the EPA guidance documents for developing nutrient
criteria. The RTAG conducted a pilot project in 1999 and 2000 to evaluate regional reference
conditions for streams and rivers in aggregated Ecoregion 11 (Western Forested Mountains). The
results of this project suggested that the proposed reference condition distributions used by EPA
would require some refinement and supporting studies to ensure that the adopted criteriawere

appropriate.

In 2001 the California State Water Resources Control Board (SWRCB) created the State
Regiona Board Technical Advisory Group (STRTAG) to work in parallel with the RTAG and
assume responsibility for nutrient criteria development for California and to better coordinate the
activities of the individual Regional Boards. The RTAG and STRTAG continue to work in close
association today. The RTAG and STRTAG reviewed the findings of the pilot study using the
origina Level |11 ecoregions to evaluate the draft default 304(a) criteriaincluded in th e criteria
document that had been completed for rivers and streams. The comparison tables for total
phosphorus and total nitrogen are included as Table 1-1. The tables suggest that if the EPA
reference-based values (draft 304(a)) are adopted that alarge number of potentially un-impacted
waterbodies would be misclassified asimpaired. Therefore the RTAG and STRTAG responded
to this potential for misspecification by adopting a resolution to pursue the EPA approved
aternative to development alternate nutrient criteria. This decision committed the RTAG and
STRTAG to the development of awork plan for the region.

Page 2 Tetra Tech, Inc.
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This white paper is the first key milestone towards the development of the work plan. The RTAG
and STRTAG will use the March workshop to select the nutrient criteria devel opment optionsto
include in the draft work plan. The draft work plan will be ready for RTAG and STRTAG review
during May 2002. Each participating organization will also conduct their review of the work
plan. Thefinal review by the California SWRCB Management Team is significant because with
their approval and presentation to the SWRCB Management Coordinating Committee (MCC) the
contract project team will be working in close association with the Regional Boards to

implement the plan for the development of nutrient criteriafor California Presentation to the
MCC is anticipated for June 2002.

Implementation of the work plan will commence as soon asit has received the approval of the
California SWRCB. Thiswill include members of the contract project support team making site
visits to Regional Boards and other potential sources of water quality data. In addition, the
project team will begin laying the groundwork for the modeling scenarios and the review of site-
specific studies. Progress will be reported to the RTAG and STRTAG on aregular (quarterly)
basis. Thefina key milestones for this phase of this work plan will be the development of the
interim report on nutrient criteriafor the region and its presentation for review by the RTAG and
STRTAG. The interim report will include recommendations for as many of the regionalization
units as possible. Following response to RTAG and STRTAG review comments the final report
will be submitted to the Regional Boards to begin the necessary administrative steps for adopting
the approved nutrient criteriainto their Basin Plans.

1.3 PROPOSED APPROACH

The proposed approach for devel oping nutrient criteriain the region is to supplement the EPA
criteriadocument by enhancing the water quality reference database and to evaluate information
related to an effects-based approach. There are three components of strategy:

1. Conduct multivariate empirical data analysisto better define regionalization units;
enhance regional distribution datasets for subecoregions, and to evaluate the relationship
between nutrient inputs and water quality endpoints.

2. Develop modeling scenarios to supplement empirical empirical nutrient distribution data,
and to evaluate relationships between various parameters.

3. Compile asynthesis of existing site-specific studies to evaluate the performance of
selected waterbodies under various nutrient conditions (i.e., are designated uses
supported?).

Leve |11 ecoregions described by Omernik (1987) and other physical classification criteria serve
asthe basis for the approach. Figure 1-2 is an example decision diagram that illustrates the
relationship of the primary decision components for lakes and reservairs. It isimportant to note
that the illustrated decision components for physical classification have not yet been determined
and those included in the diagram are hypothetical. The same caveat appliesto Figure 1-3 for
rivers and streams.

Tetra Tech, Inc. Page 5



RTAG / STRTAG Nutrient Criteria White Paper

Figure 1-2. Decision Diagram for Lakes and Reservoirs

Waterbody Use Classification Physical Classification Margin of
Type Cold or Warm Water WS to SA Ratio & Depth Safety
— Streams — >50
and Rivers
— Wetlands — 30 to 50
Cold Water Fishery —— —
| Lakes and L 20 to 29 4 mielers
Reservoirs —
Warm Water Fishery [
— Estuaries — 10 to 19 5 to 39 meters
L 1t09 <5 meters
Figure 1-3. Decision Diagram for Lakes and Reservoirs
Waterbody Use Classification Flow Regime Margin of
Type Cold or Warm Water and Gradient Safety
— Lakes and >10,000 cfs
Reservoirs
— Wetlands 1,000 - 10,000 cfs _
Cold Water Fishery >10%
— Streams <1,000 cfs _
and Rivers 5 .
Warm Water Fishery 2% =10% |
— Estuaries _
<2%

Implicit in the figure is that there will be asimilar decision diagram each of the 16 Level |11
ecoregions within EPA Region I X. Determining the type of waterbody is the first decision point.
Thus far the approach is based on the waterbody types addressed in EPA’ s criteria documents.
Typicaly waterbodies are assigned more than one Designated Uses by the state or Regional
Board. The objective of this decision component isto identify the Designated Use that is most
sensitive nutrient inputs. The next decision component involves assigning a waterbody to its
appropriate physical classification category. The physical classification decision component may
include more than one classfication criteria. The framework eventually branches to the fina
decision point where a protective range of the criteria parameter(s) is assigned.

Page 6 Tetra Tech, Inc.
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The approach described in this white paper that is being proposed for use in the region to
develop nutrient criteriais consistent with recent draft guidance that was distributed at a recent
meeting of EPA Regional Nutrient Coordinators (Appendix A). Appendix A describes a
hypothetical state decision process to determine whether or not to proceed with development of
aternate nutrient criteria. Appendix A also includes a decision pathway for development and
implementation of a nutrient criteria development work plan. The process depicted in Appendix
A is consistent with the process that has been developed by the RTAG and STRTAG that is
described in Figure 1. EPA hasissued additional draft guidance that provides an outline and
format for a nutrient criteria development plan. This guidance has been included as Appendix B.
One purpose of the white paper and the associated workshop isto develop awork plan that is
consistent with the example in Appendix B. EPA has also prepared additional information in
response to State question on issues related to nutrient criteria development. These additional
issues are included in Appendix C. Most of theissuesin Appendix C have been raised,
considered and addressed by the RTAG and STRTAG and will be documented in the work plan
to be prepared for theregion. The RTAG and STRTAG will evaluate several options that are
include in the white paper as responses to the issues included in Attachment 3. In addition to the
draft EPA guidance that has been provided in Appendices 1 through 3, the Arizona Department
of Environmental Quality (ADEQ) has allowed us to include a draft of their proposed strategy
for development of nutrient criteria (Appendix D). The approach being proposed in the white
paper is aso consistent with the draft strategy proposed by ADEQ. Since the participating states
also share several ecoregions the high level of consistency in work plans should allow for
collaboration in the nutrient criteria development process.

1.4 ORGANIZATION OF THIS WHITE PAPER

Section 1 of this document provides an overview of the nutrient criteria process including both
past and future milestones. Section 2 explains the basis of the regional approach and identifies
potential confounding factors that will need to be addressed outside the nutrient criteria
framework Section 3 discusses various issues related to the form of the standard, such as how to
incorporate temporal and spatial variability into the regulatory framework. Section 4 discusses
various options for establishing regional classifications for waterbodies to ensure that
waterbodies within a category respond to similar inputs of nutrientsin a similar manner. Section
5 evaluates a wide-range of parameters that could be used in the criteria. Section 6 describes
potential next steps and outlines various task areas that will be addressed in the work plan.

Tetra Tech, Inc. Page 7
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2.0 REGIONALIZATION UNITS

Landscape- and local-scal e factors influence the expression of waterbody habitats. Landscape-
scale factors, such as climate, geology, and vegetation operate over large areas, are stable over
long time periods (hundreds to thousands of years) and act to shape the overall character and
attainable condition within drainage networks. Local-scale factors are a function of ultimate
factors and refer to local conditions of geology, landform, and biotic processes that operate over
smaller areas (e.g., stream reach scales) and over shorter time spans (years to decades). A
hierarchical classification system that integrates both landscape-scale factors and local-scale
factors provides the organizational framework necessary to address the spatial variability
inherent in aquatic habitats.

The EPA National Strategy for the Development of Regional Nutrient Criteria (EPA 1998)
identified use of geographic regions as one of the five primary elements of their proposed
approach. Theinitial recommendation for this element was to divide the nation into aggregated
ecoregions based on Omernik’s (1987) original Level |11 ecoregions (Figure 2-1) (84 ecoregions
cover the continental U.S.). The RTAG pilot study that evaluated the use of the aggregated
ecoregions indicated that the aggregated ecoregions were too course to capture the variability in
inherent nutrient levels and nutrient responses throughout the region. Thereforethe RTAG /
STRTAG has adopted the original Level 111 ecoregions described in Omernik (1987). The
ecoregions within EPA Region IX (excluding Hawaii and territories) are briefly described in
section 2.1 below.

Tetra Tech, Inc. Page 8
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It is necessary to further stratify the ecoregions into more refined regiona unitsin order to
achievethe RTAG and STRTAG goal of grouping waterbodies into categories that respond in a
similar manner to similar levels of nutrient inputs. Section 2.2 lists landscape variables that will
be evaluated to determine which classification categories minimize variability in regional
waterbody conditions and response. It is possible that ecoregions will use different sets of
stratification criteriato achieve the reduced variability objective. However, it isimportant to
keep the number of classification categories to a minimum because nutrient criteria
recommendations must be devel oped for each category that is established. The decision
framework algorithmiis:

# of Ecoregions (16) * # of waterbody types (2) * # of classification categories (number
unknown) = the total number of nutrient criteriato be devel oped.

The work plan will attempt to achieve a balance between defining criteria too coarsely and
requiring the development of site-specific criteriafor each waterbody. Section 4 provides a more
detailed description of each landscape variable to be considered.

The development of more refined regional categories through the use of stratification criteriawill
not eliminate the need for exceptions to address waterbodies not consistent with criteria that have
been developed for other surrounding or adjacent waterbodies. There are several confounding
factors that may require the development of site-specific nutrient criteria or that they may be
exempted from the numeric criteria approach altogether. Several confounding factors that affect
waterbodies within the region are briefly discussed in Section 2.3.

2.1 ECOREGIONS

There are 16 Level 111 ecoregionsin EPA Region IX. Twelve ecoregions are represented in
Cdlifornia, six in Arizonaand four in Nevada. A description for each of the 16 ecoregionsin the
region isincluded in Table 2-1. EPA has published preliminary nutrient criteriafor the
rivers/streams and |lakes/reservoirs located in these subecoregions (Tables 2-2 and 2-3). The
preliminary criteria presented in these tables demonstrate the significant variations among
subecoregions with respect to ambient nutrient levels.
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2.2 STRATIFICATION CRITERIA

Because nutrients, unlike toxic pollutants, are naturally present in all water bodies at greater or
lower levels depending on their inherent characteristics (e.g., Slope, underlying geology,
watershed area, etc.), the numeric nutrient criterion cannot be a single number that applies
nationally, or even to a state. We must divide water bodies in a geographic region into different
groups, with typical natural nutrient levels for each group. Nutrientsin a water body are
considered to be a source of pollution when they exceed levels natural of that type of water body.
For the purpose of this white paper, we term this grouping of water bodies into different
categories based on ecoregion and physical characteristics as stratification. Table 2-4 includes a
list of the stratification criteriathat are discussed in greater detail in Section 4 of this report.

Table 2-4. Potential Stratification Criteria used to Classify Waterbodies

Stratification Criteria Rivers and Streams Lakes and Reservoirs

Ecoregion v v
v
v

Beneficial Uses

Land Use/Watershed Characteristics
Underlying Geology
Stream Order
Size/Shape
Downstream Waterbody
Flow

Downstream Loading
Stream Gradient (slope)
Width/Depth Ratio
Entrenchment Ratio

Sinuosity

AN NN N Y N N U N N NN
<

Channel Materials
Location

Lake Type

Water Quality
Stratification

Lake Origin

Age

Dam Operation

Fish Community

NN N N N NN NN

Other Biological Characteristics
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2.3 CONFOUNDING FACTORS

A completely comprehensive nutrient criteria development strategy is not afeasible goal: There
will aways be waterbodies that are outliers or exceptions which will require site-specific
consideration. This section identifies and briefly discusses some of the more common
confounding factors that will result in a site-specific approach.

2.3.1 Water Transfers

The arid West has been the host region for some of the largest water diversion, storage, and
transfer projects on earth. This causes a problem for the ecoregions-based nutrient framework
when large amounts of water are transferred from one ecoregion to another. The transferred
water can overwhelm or significantly alter the ecoregional characteristics of the receiving
waterbody. An exampleisthe transfer of water from the Colorado River basin into the Santa
Margarita River in Southern California. At aminimum the total dissolved solids present in the
water transferred from the Colorado River water has significantly altered the characteristics and
quality of the ground water of the Santa Margarita watershed. Waterbodies that have had a
significant portion of their flow contributed from other ecoregions need to undergo an evaluation
to determineif a site-specific criterion is called for.

2.3.2 Effluent Dominated Waterbodies

Effluent dominated waterbodies (EDWSs) are, by definition, exceptions to other waterbodies
within an ecoregion. Arizona has developed a designated use classification for EDWs. EDWSs
represent a category that will include a large number of waterbodies. Californiawill soon be
undertaking the development of an approach for evaluating EDW issues and their relationship to
Designated Uses and water quality standards. A primary concern with EDWs s that in many
locations they are not isolated waterbodies, but rather they often flow into more sensitive
receiving waterbodies.

2.3.3 Highly Engineered Waterbodies

The term highly engineered waterbodies (HEWS) refers to waters that have been created or
significantly modified through engineering, to the extent that they no longer reflect ecoregion
conditions. Examples of HEWs include aqueducts, concrete lined reservoirs, and agricultural
drainagetiles. It is possible that natural waterbodies have been so extensively modified that they
also cannot reflect or exhibit ecoregion conditions, such as portions of the Los Angeles River.

2.3.4 Waterbodies That Cross Ecoregional Boundaries

Ecoregions are delineated on maps with distinct boundaries. There are many examples of rivers
and streams that may have their origin in one ecoregion and pass through or into another
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downstream. The characteristics of ariver passing from one ecoregion into another will not
change at the ecoregion boundary. Waterbodies that cross ecoregion boundaries require
evaluation to determine where ecoregion criteria would apply. The work plan should identify the
riversthat fall into this category and attempt to delineate river reaches to appropriate ecoregions.
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3.0 FORM OF THE STANDARD

This section addresses the parameters that will be measured as well as how often and in what
location they will be measured to determine compliance. Although it is generally understood that
nutrient criteriawill be defined in terms of chemical concentrations, it need not necessarily be so.
For the purpose of defining nutrient criteria, we broaden the potential metricsto include (in
addition to various chemical species of nitrogen and phosphorus), dissolved oxygen, turbidity,
chlorophyll a, and indices of biological integrity. All of these metrics will exhibit gradientsin
water bodies due to uptake and cycling by biota, and also due to transport and dilution; these
gradients may be both spatial and temporal. Examples of gradients with depth for phosphorus
and nitrogen species, and dissolved oxygen are shown in Figures 1 and 2. Figure 3 shows the

gpatial and temporal trends of nitrogen species with depth and time. Because al gae and
macrophytes in surface waters take up nutrients as they grow, they exert an influence on

measured concentrations. There are two temporal cycles of interest: diurnal and seasonal. The

definition of the standard needs to consider both cycles.

Figure 3-1. Generalized vertical distribution of soluble (PS) and total (PT) phosphorus in stratified
lakes of very low (oligotrophic) and very high (eutrophic) productivity (Source: Wetzel 1983)
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Figure 3-2. Generalized vertical distribution of ammonia and nitrate-nitrogen in stratified lakes of
very low (oligotrophic) and very high (eutrophic) productivity (Source: Wetzel 1983)

OLIGOTROPHIC EUTROPHIC
! g ' |
: i | i
! | |
i N I
NH,  \NOj3 8/ 10 f
. 4 .\03 07 392 r
- . - =
a D \ o
slf 7 o).
/ |
| .
p ! .
l !
I I
| i

N, OC, 02 ——

Figure 3-3. Depth-time diagrams of seasonal concentrations of NO3-N + NO2-N in mg/l (upper) and
NH4-N in mg/l (lower) in Lawrence Lake, Michigan, 1971-72. Opaque areas represent ice cover

(Source: Wetzel 1983)
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3.1 TypICAL NUTRIENT CONCENTRATIONS FOR WATER BODIES

In the absence of any specific information, some general comments can be made on the ranges of
nutrient concentrations commonly observed in nature. Note that unlike toxic pollutants, nutrients
are anatural component of the biogeochemical cycle; different water bodies may naturally have
higher or lower levels of nutrients. Thus, some water bodies with elevated nutrient levels, may be
naturally eutrophic (highly productive), and some may be naturally mesotrophic (less prodictive)
or oligotrophic (very low productivity). Characterization of natural levels of nutrients has been
performed most extensively for lakes. Typical levels of nutrients and chlorophyll for different
lake classificationsis presented in Table 3-1 (from Wetzel 1983).

Table 3-1. General Trophic Classification of Lakes and Reservoirs
in Relation to Phosphorus and Nitrogen

Parameter
(Annual Mean Values) Oligotrophic Mesotrophic Eutrophic Hypereutrophic
Total phosphorus (mg m-3)
Mean 8.0 26.7 84.4 --
Range 3.0-17.7 10.9-95.6 16-386 750-1200
N 21 19 71 2
Total nitrogen (mg m-3)
Mean 661 753 1875 -
Range 307-1630 361-1387 393-6100 -
N 11 8 37 -
Chlorophyll [ (mg m-3) of phytoplankton
Mean 1.7 4.7 14.3 --
Range 0.3-4.5 3-11 3-78 100-150
N 22 16 70 2
Chlorophyll [0 peaks (mg m-3) (“worst case”)
Mean 4.2 16.1 42.6 --
Range 1.3-10.6 4.9-49.5 9.5-275 --
N 16 12 46 -
Secchi Transparency (mg m-3)
Mean 9.9 4.2 2.45 --
Range 5.4-28.3 1.5-8.1 0.8-7.0 0.4-0.5
N 13 20 70 2

Based on data of an international eutrophication program. Trophic status based on the opinions of the
experienced investigators of each lake. (Modified from Vollenweider, 1979.)

3.2 NUMERIC PARAMETERS IN CRITERIA

What metric, or combination of metrics, should be used to define the numeric criteria for water
bodies? These metrics might include chemical parameters such as phosphorus (soluble reactive
phosphorus and total phosphorus) and nitrogen (total nitrogen, total organic nitrogen, nitrate,
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ammonia) species, and also direct and indirect biological parameters such as dissolved oxygen,
chlorophyll a, Secchi depth, and turbidity. A locally-specified index of biological integrity might
also be part of the standard, particularly where it can be more closely related to the designated
use of the water body.

There are advantages and disadvantages to using each of the metrics listed here. Perhaps the
most significant constraint is that much of the historical data available for water bodiesis limited
to chemical concentrations (i.e., the different nitrogen and phosphorus species). Thus, if we need
to define a baseline reference condition from existing historical data, we are limited to the
constituents that are most commonly measured. However, if we use only chemical parametersto
define nutrient criteria, we may not always capture conditions that are most likely to cause
impairment. As we work toward devel oping nutrient criteria, the RTAG must balance the
advantages of using the historical database against generating a new metric (or combination of
metrics) that may not have been measured in the past (but one which scientists think isamore
accurate reflection of nutrient-related impairment).

3.3 SPATIAL AVERAGING

Because of the existence of spatial gradientsin nutrient levels (and also other surrogate metrics)
where we take measurements will influence the values we observe. Examples of gradientsin
nutrient concentrations are shown in Figures 1 through 3. Typically we need to obtain samples at
severa locations to obtain a representative picture of nutrient levels across a water body. The
specification of the spatial averaging to be undertaken should be part of the standard. Some
examples of ways to represent a spatial gradient are listed below:

» certain number of points per unit area (applicable to lakes and reservoirs, wetlands)

» depths at which measurements are to be made, or specify that only surface concentrations
will be considered (Iakes and reservoirs)

* number of measurements per river mile

Thislist must be supplemented by consideration of other factors that are responsible for
generating spatial gradientsin nutrient levelsin water bodies.

34 TEMPORAL AVERAGING

Because of diurnal and seasonal cycles in the growth and uptake of nutrients by biota, nutrient
concentrations and other surrogate parameters are influenced by the time of sampling. For
example, temporal gradientsin nitrogen species are shown in Figure 3. Algae, macrophytes, and
the biota that feed on them grow most rapidly in the spring and summer months, and grow only
dightly in fall and winter. Over the course of aday, plants consume oxygen at night and produce
it during the day as they photosynthesize. Nutrient uptake is greatest during photosynthesis. As
with spatial averaging described previously, specification of the time of sampling should be a
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part of the numerical nutrient criteria. Some examples of the inclusion of temporal averaging in
the criteria are:

*  Only daytime values will be used (say between the hours of 10 am and 3 pm).

»  Only the growing season will be considered for compliance with criteria, or values from
the entire year will be used.

» Vaueswill be considered only when certain minimum depths (lakes/reservoirs) or
minimum flows (rivers) are exceeded.

Thislist must be supplemented by other factors that are responsible for causing temporal
gradientsin nutrient levels.

3.5 How WILL COMPLIANCE BE DETERMINED?

Once several measurements of nutrient levelsin awater body have been made, it still remains to
be determined what numerical level will be defined as an exceedance of the nutrient criterion.
There are severa approachesto consider in determining when awater body exceeds a criteria. (If
anumeric value chosen for the criterion required a minimum value rather than a maximum value,
this argument would be reversed.)

Compare the annual arithmetic mean or the geometric mean to the numeric criterion, and
consider any mean value greater than the criterion to be an exceedance. Selection of the
arithmetic mean versus the geometric mean should be based on the distribution of data. (For log-
normally distributed data, a geometric mean is preferred; for normal distributions, an arithmetic
mean should be used.) This test could be performed once each year or with arolling 12-month
mean every month. It isimportant to note that we are more likely to observe exceedances if we
sample and compare with the standard more often. Therefore, to compare all water bodiesin a
similar way, we need to use approximately the same frequency for sampling and comparing
against the standard. In the event that different water bodies of necessity are sampled at different
frequencies (e.g., to control costs in awater monitoring program), we must apply corrections to
the data that account for the greater incidence of false negatives.

Allow a certain percentage of exceedances (e.g., 5% or 10%) over the criterion, that would till
have the water body in compliance. Thus, if 95% or 90% of the measured values were below the
criterion, it would not be in violation. Thisis generally appropriate for nutrients (as compared
with toxins) because nutrients do not normally have acute, irreversible effects at specific
threshold concentrations. This qualification excludes particular chemical species that may be
toxic at specific threshold levels (e.g., ammonia) which must be treated separately, and for which
more rigorous exceedance criteriamay be established.

Consider the allowance of seasonal or climatic factors in the standard. For example, in rivers
with low flow, or during a season with low flow, a greater level of exceedances may be
permissible.
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Consider atiered approach for the criterion. Because it is likely that all water bodies cannot be
monitored at the same level of intensity, due to priority ranking of water bodies or due to finite
monitoring resources, atiered approach may be used to evaluate the exceedance of nutrient
criteria. This suggests that water bodies be sampled at a certain frequency to begin with and, if
there are indications that there may be nutrient-related impairment in the water body, the
monitoring isintensified so that a better understanding of the problem may be obtained. For the
purpose of this standard, an indication of nutrient-related impairment could be one or more of the
following: occasional values of nutrients in excess of the numeric criteria, although on average
the water body is within compliance and observation of nutrient-related secondary impacts, such
as low dissolved oxygen, or negative effects on fish and other biota, even though numeric
concentrations of nutrients are within acceptable levels. Other indications of potential over-
enrichment might be added to thislist that would put a water body under a higher level of
monitoring and study. Following this higher level of monitoring, it could be determined if the
water body was genuinely out of compliance (using the tests described above).

Classify the water body before applying the criterion. The type of water body, and the chemical
and physical characteristics of its surroundings (e.g., slope, climate, water body size and
watershed area, geology, land use) has afundamental effect on the levels of nutrients that may be
considered natural and that may cause observabl e negative impacts. For thisreason, it isvital to
develop standards by classifying water bodies into certain major categories and calculate
different nutrient criteria for different classifications. In previous studies, this classification has
been performed at the ecoregion level for California; however, we need further classification of
the physical characteristics of waterbodies. A mgjor limitation of developing afiner
classification is the paucity of data beyond a certain level of resolution. In the event that the
RTAG has an influence on the future level of monitoring activities to be performed across
California, an effort should be made to ensure that data are obtained from representative
waterbodies along the principal classification criteria. These classification criteria should be
communicated to the entity responsible for monitoring.
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4.0 WATERBODY CLASSIFCATION CATEGORIES

The term classification suggests that sets of characteristics and observations can be organized
into meaningful groups based on measures of similarity or difference. Experience suggests that
each stream type possesses a set of inherent and presumably predictable attributes (e.g., channel
pattern, dimensions and profile, biogeochemical signature, resistance and response to change,
biotic productivity) which reflect the expressions of local climate, geology, landforms, and
disturbance regimes. Basin characteristics (e.g., Size, climate, geology) help define flow (water
and sediment) characteristics which in turn help to shape channel characteristics within some
broadly predictable ranges (Rosgen 1996, Orsborn 1990).

Understanding these inherent relationships is the key to identifying the appropriate factors for the
assessment of the status and trends of agquatic systems, including the communities of organisms
they support. Understanding how various geologic and climatic processes interact within a
watershed gives a more thorough picture of the natural conditions (actual and potential) as well
as of the direction and magnitude of possible changes triggered by natural or human
disturbances.

4.1 OVERARCHING CLASSIFICATION CATEGORIES FOR ALL WATERBODY TYPES

4.1.1 Ecoregions

Ecologists and geographers, using general patternsin climate, soils, and vegetation, have
classified terrestrial ecosystemsinto ecoregions (Bailey et a. 1994). Ecoregions are large-scale
landscape units that include relatively homogeneous ecosystems and are di stinguishable from
other ecoregions (Omernik and Bailey 1997). Nonethel ess ecoregions contain a mosaic of sites,
which, at afiner scales, can be further subdivided into more detailed land units and effectively
delineated by using mapable characteristics such as climate, geology, soils, and vegetation. The
process of delineating such ecological units -- termed ecoregion analysis--and relating them
within ahierarchical framework isincreasingly viewed as a crucia step toward ecosystem
management. Ecoregions are useful to river classifications as descriptors of landscapes within
and among river basins (Omernik 1987, Omernik 1995, Omernik and Gallant 1990). Because the
catchments of many medium-sized or larger rivers will span more than one ecoregion, ecoregion
and watershed boundaries differ. Thus, neither provides a singular truth (Omernik and Bailey
1997) and both may be useful for management. Ecoregions group environmental resources and
ecosystems into fairly homogeneous spatial units, while watersheds define contributions to the
guantity and quality of the water at a particular point. Within a smaller region, the specific
protocols used by U.S. management agencies (e.g., Meador et a. 1993, Rankin 1995, Barbour et
al. 1998) commonly rely upon the segment-reach-habitat hierarchy described in Frissell et al.
(1986).

Within ecoregions, ranges of expected values for habitat quality indicators can be devel oped
empirically from data representing reference conditions. Reference conditions should provide us
with a better understanding of the range of concentrations exhibited by both causal and response
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variables in minimally impacted waterbodies and, by inference, reflect the potential stream
habitat for impacted streams having similar watershed characteristics.

This approach, however, has certain limitations. First, thereis little agreement currently on what
constitutes reference areas to cover Level 111 ecoregions (Bauer and Ralph 1999). Identification
and use of reference areas is an ongoing effort at the state and regional level. In California, the
Surface Water Ambient Monitoring Program (SWAMP) and California Bioassessment
Workgroup (CABW) are currently working on identifying reference conditions for the state's
waterbodies. Second, the currently available databases are generally not robust enough to
provide statistically reliable values. This was observed in a demonstration pilot study conducted
by Tetra Tech (2000) on Ecoregion Il rivers and streams. Third, there are some ecoregions or
regional areas, such as grass/shrub lands, where land management has been so pervasive that it
has eliminated the potential for reference conditions (e.g., California’'s Central Valley).
Regardless of these current limitations, it remains useful to outline an approach and then search
for appropriate datasets or encourage the collection of appropriate data. In the interim, we may
need to rely on the published data sets available, using them with appropriate caution.

4.1.2 Beneficial Uses

Since the ultimate objective of the Nutrient Criteria Development Program is to establish and
promulgate numeric water quality standards for nutrients, it would be remiss to not include
Beneficial Uses as one of the stratification criteria. State policy for water quality control in
Cdliforniais directed toward achieving the highest water quality consistent with maximum
benefit to the people of the state. Aquatic ecosystems and underground aquifers provide many
different benefits to the people of the state. Beneficial uses define the resources, services, and
gualities of the state’ s aquatic systems that guide protection of water quality; they also serveas a
basis for establishing water quality objectives. Several studies have linked nutrient enrichment to
beneficial use impairment (Table ?in Appendix X). This table provides a starting point in
understanding the rel ationships between causal and response variables and beneficia uses. The
table lists the concentration of nitrogen, phosphorus, chlorophyll a, or turbidity/secchi depth that,
when exceeded, caused some impairment of the designated beneficial use for a specific
waterbody. The authors of the table note that these values must be used with discretion since
certain details presented in the original study report were not included in the summary table.
However, it does provide us with a linkage between nutrient enrichment and potential beneficial
use impairment.

The following beneficial uses are used throughout California for freshwater systems. It should be
noted that in general, waterbodies are assigned multiple beneficial uses.

Agricultural Supply

Uses of water for farming, horticulture, or ranching, including, but not limited to, irrigation,
stock watering, or support of vegetation for grazing. Water used to support agricultural supply
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would be expected to be characterized by elevated concentrations of nutrients as a result of
fertilizer application to agricultural lands.

Areas of Special Biological Significance

Designated by the State Water Resources Control Board. These include marine life refuges,
ecological reserves, and designated areas where the preservation and enhancement of natural
resources requires special protection. Elevated nutrients, while most likely not posing a
toxicological threat, could stimulate primary productivity and result in increased food supplies or
shelter for aguatic life. Excessive primary productivity, however, could result in depletion of
oxygen supplies and impact aquatic life.

Cold Freshwater Habitat

Uses of water that support cold water ecosystems, including, but not limited to, preservation or
enhancement of aquatic habitats, vegetation, fish, or wildlife, including invertebrates. Elevated
nutrients, while most likely not posing a toxicological threat, could stimulate primary
productivity and result in increased food supplies or shelter for aquatic life. Excessive primary
productivity, however, could result in depletion of oxygen supplies and impact aquatic life.

Freshwater Replenishment

Uses of water for natural or artificial maintenance of surface water quantity or quality. Elevated
nutrients, while most likely not posing atoxicological threat, could stimulate primary
productivity and result in increased food supplies or shelter for aguatic life. Excessive primary
productivity, however, could result in depletion of oxygen supplies and impact aquatic life.

Groundwater Recharge

Uses of water for natural or artificia recharge of groundwater for purposes of future extraction,
maintenance of water quality, or halting saltwater intrusion into freshwater aquifers. Elevated
nutrients, while most likely not posing a toxicological threat, could stimulate primary
productivity and result in increased food supplies or shelter for aguatic life. Excessive primary
productivity, however, could result in depletion of oxygen supplies and impact aguatic life.

Industrial Service Supply

Uses of water for industrial activities that do not depend primarily on water quality, including,
but not limited to, mining, cooling water supply, hydraulic conveyance, gravel washing, fire
protection, and oil well repressurization. Elevated nutrients could stimulate primary productivity
and result clogged intake pipes.

Fish Migration

Uses of water that support habitats necessary for migration, acclimatization between fresh water
and salt water, and protection of aguatic organisms that are temporary inhabitants of waters
within the region. . Elevated nutrients, while most likely not posing atoxicological threat, could
stimulate primary productivity and result in increased food supplies or shelter for aquatic life.
Excessive primary productivity, however, could result in excessive periphyton growth which
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could shed and create blockages or dams that inhibit migration. Additionally, excessive primary
productivity can cause depletion of oxygen supplies and impact aquatic life.

Hydropower Generation

Uses of water for hydroel ectric power generation. Elevated nutrients could stimulate primary
productivity and result clogged intake pipes.

Municipal and Domestic Supply

Uses of water for community, military, or individual water supply systems, including, but not
limited to, drinking water supply. . Elevated nutrients could stimulate primary productivity and
result clogged intake pipes. Additionally, elevated concentrations of nitrate (>10 mg/l) are toxic
to human infants.

Navigation

Uses of water for shipping, travel, or other transportation by private, military, or commercial
vessels. Excessive primary productivity could result in nuisance periphyton growth which could
inhibit navigation.

Industrial Process Supply

Uses of water for industrial activities that depend primarily on water quality. Elevated nutrients
could stimulate primary productivity and result clogged intake pipes.

Preservation of Rare and Endangered Species

Uses of waters that support habitats necessary for the survival and successful maintenance of
plant or animal species established under state and/or federal law as rare, threatened, or
endangered. Elevated nutrients, while most likely not posing a toxicological threat, could
stimulate primary productivity and result in increased food supplies or shelter for aquatic life.
Excessive primary productivity, however, could result in depletion of oxygen supplies and
impact aguatic life.

Water Contact Recreation

Uses of water for recreational activities involving body contact with water where ingestion of
water is reasonably possible. These usesinclude, but are not limited to, swimming, wading,
water-skiing, skin and SCUBA diving, surfing, whitewater activities, fishing, and uses of natural
hot springs. Elevated nutrients, while most likely not posing a toxicological threat, could
stimulate primary productivity and result in increased food supplies or shelter for aquatic life.
Excessive primary productivity, however, could result in depletion of oxygen supplies, impact
aguatic life, impact anglers, and have negative aesthetic value.

Noncontact Water Recreation

Uses of water for recreational activities involving proximity to water, but not normally involving
contact with water where water ingestion is reasonably possible. These uses include, but are not
limited to, picnicking, sunbathing, hiking, beachcombing, camping, boating, tide pool and
marine life study, hunting, sightseeing, or aesthetic enjoyment in conjunction with the above

Tetra Tech, Inc. Page 29



RTAG / STRTAG Nutrient Criteria White Paper

activities. Elevated nutrients, while most likely not posing atoxicological threat, could stimulate
primary productivity and result in increased food supplies or shelter for aquatic life. Excessive
primary productivity, however, could result in depletion of oxygen supplies, impact aquatic life,
and have negative aesthetic value.

Shellfish Harvesting

Uses of water that support habitats suitable for the collection of crustaceans and filter feeding
shellfish (clams, oysters, and mussels) for human consumption, commercial, or Sport purposes.
Elevated nutrients, while most likely not posing atoxicological threat, could stimulate primary
productivity and result in increased food supplies or shelter for aguatic life. Excessive primary
productivity, however, could result in depletion of oxygen supplies and impact aquatic life.

Fish Spawning

Uses of water that support high quality aquatic habitats suitable for reproduction and early
development of fish. Elevated nutrients, while most likely not posing atoxicological threat,
could stimulate primary productivity and result in increased food supplies or shelter for aquatic
life. Excessive primary productivity, however, could result in depletion of oxygen supplies and
impact aguatic life.

Warm Freshwater Habitat

Uses of water that support warm water ecosystems including, but not limited to, preservation or
enhancement of aquatic habitats, vegetation, fish, or wildlife, including wildlife. Elevated
nutrients, while most likely not posing atoxicological threat, could stimulate primary
productivity and result in increased food supplies or shelter for aguatic life. Excessive primary
productivity, however, could result in depletion of oxygen supplies and impact aquatic life.

Limited Warm Water Habitat

Uses of water that support warmwater ecosystems which are severely limited in diversity and
abundance as the result of concrete-lined watercourses and low, shallow dry weather flows
which result in temperature, pH, and/or dissolved oxygen conditions. Naturally reproducing
finfish populations are not expected to occur in these waterbody types. Elevated nutrients, while
most likely not posing atoxicological threat, could stimulate primary productivity and result in
increased food supplies or shelter for aguatic life. Excessive primary productivity, however,
could result in depletion of oxygen supplies and impact aquatic life.

Wildlife Habitat

Uses of water that support wildlife habitats, including, but not limited to, preservation or
enhancement of vegetation and prey species used by wildlife, such as waterfowl. Elevated
nutrients, while most likely not posing a toxicological threat, could stimulate primary
productivity and result in increased food supplies or shelter for aquatic life. Excessive primary
productivity, however, could result in depletion of oxygen supplies and impact aquatic life.
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Ecoregions provide afirst tier of organization and are stratified on the basis of ultimate factors:
climate, geology, and vegetation. At the ecoregion scale, the ranges of expected values for
habitat quality indicators can be developed empirically from data representing reference
conditions. Beneficial Use classifications provide alevel of context in which criteriawill
ultimately be used.

The following sections describe classification categories that are specific to either rivers and
streams or lakes and reservoirs. The underlying assumption of the classification categories
discussed is that, in some unique way, waterbodies having characteristics specific to a category
respond to nutrient loading in similar and predictable ways. One of the objectives of the
RTAG/STRTAG Workshop is to focus our attention on those classification categories that will
provide the most useful predictive information.

4.2 CLASSIFICATION CATEGORIES RIVERS AND STREAMS

Direct and indirect effects of riparian and stream channel modifications on lotic ecosystems have
been documented (Karr and Schlosser 1977, Karr, et a. 1983, Rankin 1995). However, the
deleterious effects on aquatic life from polluted runoff, especially from the primary nutrients
(nitrogen and phosphorus), and the interaction with habitat quality, is neither widely
acknowledged nor generally understood by resource management and regulatory agencies
(Rankin, et al. 1999). Only recently has the issue been addressed of how land use, physiographic
relief, soil types, and lotic habitat interact to affect instream nutrient concentrations and, in turn,
the quality of aguatic assemblages (Richards et al. 1996, Allan et a. 1997, Johnson et al. 1997 as
cited in Rankin et al. 1999).

Flow weighted sampling of chemical constituents is required to accurately estimate total loadings
of nutrients for the calculation of TMDLSs. Large runoff events, which deliver a high proportion
of the annual loading of nutrientsin a short time period (Baker 1985), are known to affect water
quality in downstream environments. However, direct evidence of negative, local effects of
elevated concentrations of nutrients during these short-term events on resident aquatic
assemblages is lacking (Rankin et al. 1999). Given the low acute toxicity of elevated nutrients
during such short-term events, it is the residual effects like elemental flood subsidies (Meyer et
al. 1988) of nutrient loadings that are likely of most consequence to aquatic community
performance. The cumulative effects of these events on trophic and energy dynamics of lotic
systems may be long lasting (Rankin et al. 1999).

Rankin et al. (1999) state that the retention of nutrients in a stream reach and nutrient fluxes are
important in determining how nutrients affect aquatic assemblages. Lotic reaches that either
export or assimilate nutrients into desired biomass quickly (e.g., streams with high quality habitat
and high gradient) may be less impacted by short-term loadings of nutrients. The following isa
description of commonly used stream classification criteria and how they relate to nutrient
loading.
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4.2.1 Land Use Characteristics

Land use characteristics convey the dominant character of a geographic area, such as urban,
agricultural, forest, rangeland, water (reservoirs), barren land, tundra, wetland, and perennial
snow or ice. These characteristics greatly affect stream condition. Additionally, the assimilation
and removal of nutrients by an intact and healthy riparian buffer is significant (Fennesy and
Cronk 1997, Lowrance et al. 1984, Peterjohn and Correll 1984). Other studies have demonstrated
that tillage practicesin an agriculturally dominated watershed can have substantial effects on the
rate of nutrient delivery to streams (Chichester and Richardson 1992).

Maps and other geographic data describing and documenting land use are available from a
variety of sources.

4.2.2 Geology

Geology provides the foundation for stream type classifications. Geology influences land use,
stream order, entrenchment, sinuosity, gradient, and other stream characteristics. Bedrock
composition has been related to algal biomassin some systems (Biggs 1995). For example,
streams draining watersheds with phosporus-rich rocks (such as from sedimentary or volcanic
origin) may be naturally enriched and, therefore, control of algal biomass by nutrient reduction in
such systems may be difficult. In addition, nutrient content, and hence algal biomass, often
naturally increases as elevation decreases, especially in mountainous areas (Welch et al. 1998).
Some areas that are naturally-rich in phosphorus include watersheds draining vol canic soils and
other areas have high weathering of nitrate from bedrock (Halloway et al. 1998).

Geologic data and information is readily available in the form of maps and digital data. The U.S.
Geologica Survey's (USGS) Mineral Resources Program is a useful source of information.

4.2.3 Stream Order

Stream order is a measure of the relative size of streams (Figure 4-1). The available scientific
information about nutrient spiraling in lotic ecosystems indicates that headwater streams strongly
influence the elemental dynamics of higher order streams and rivers within awatershed through
the cumulative cascading of near-field effects in a downstream direction (Rankin, et a., 1999).
The network of headwater streams within a watershed are critical to the functioning and quality
of services provided by the larger order streams and mainstream rivers. That 75% of all streams
inthe U.S. are either first or second order (Leopold, et al., 1964) underscores the importance of
the land water interface and the function of headwaters in maintaining watershed integrity
(Rankin, et al., 1999).
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Figure 4-1. Stream Order in a Drainage Network

Generally, the smallest streams in a watershed that have year-round water and no tributaries are
first order streams. When two first order streams come together, they form a second order stream
and when two second order streams come together, they form athird order stream. This process
then continues on down the drainage network until the large river meets an ocean. Streams
gradually increase their width and depth as they change from first to second order, and so on.
Water discharge also increases as stream order increases.

There are different methods for determining stream order. According to Strahler (1952), stream
order increases when streams of the same order intersect. Thus, the intersection of afirst order
stream and a second order stream will result in a second order stream identification for the newly
joined reach. The second order stream used in this example will remain a second order stream
until another second order stream intersectsit, at which time it will become athird order stream.

4.2.4 Stream/River Size

Large rivers are more autotrophic than small rivers, with an increasing fraction of their organic
carbon being fixed by primary producers within the stream channel, and with increasing stream
order (Rankin et al. 1999). In these waters, nutrient turnover is rapid, resulting in higher
concentrations of readily available forms of nutrients. In headwater streams that have been either
channelized, had riparian vegetation removed, or the habitat otherwise degraded, the nutrient
processing mimics that of large rivers: comparatively high nutrient turnover rates and high algal
biomass are found.
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Rankin, et al. (1999) found that watershed drainage area played a significant role in the
assimilation of nutrient in lotic systems. They differentiated rivers and streams into four different
Size classes:

Headwater streams 0 — 20 miles?

Wadeable streams 20 — 200 miles’
Small rivers 200 — 1,000 miles®
Largerivers >1,000 miles®

4.2.5 Nutrient-Sensitive Downstream Waterbodies

Rivers and streams act as water conduits, moving water as well as sediments and nutrients from
one area of the state to another; oftentimes, draining into alake, reservoir, or estuary. This poses
apotentia nutrient loading challenge for the receiving waterbody since increased nutrient
loading can lead to a degradation of the waterbody’ s beneficial uses. Therefore, any criteria
established for ariver or stream must be mindful of the ultimate destination of the water and
nutrients and protective of the downstream beneficial uses.

4.2.6 Flow Regime

Flows have important effects on stream channel morphology and bed materia particle size.
Specifically, since higher flows move larger particles, peak flows determine the stable particle
sizein the bed material (Grant 1987). Large, stable particles provide important habitat niches for
invertebrates and fish. A highly unstable bed will reduce periphyton and invertebrate production
(Hynes 1970, Welch et al. 1988). The size of peak flowsis also important in determining the
stability of large woody debris, the rate of bank erosion, and sediment loads. Increased bank
erosion and channel migration will affect the riparian vegetation.

The concentration of nutrients (as alogarithmic function) in lotic systems increases significantly
with increased flow (Edwards 1973, Brooker and Johnson 1984). However, a precise predictive
relationship does not exist because similar concentrations can occur at different flows (Lowrance
and Leonard 1988). For example, atwo-inch rainfall immediately following fertilizer application
will likely result in different instream nutrient concentrations than the same amount of rain at the
end of the growing season.

Flow data are available from the United States NWIS-W data retrieval website at
http://water.usgs.gov/nwis/. Stream flow data can be characterized using the categories presented
in Smith et al. (1997). These authors classify streams into three different flow regimes (low, mid,
and high):

Low flow <28.3 m3/sec, or 1,000 cfs
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Mid-sized flow 28.3 — 283 m3/sec
High flow >283 m3/sec, or 10,000 cfs

4.2.7 Downstream Loading

Large runoff events, which deliver a high proportion of the annual loading of nutrients in a short
time period (Baker 1985), are known to affect water quality in downstream (far-field), estuarine,
or lentic environments. However, direct evidence of negative, near-field effects of elevated
concentrations of nutrients during these short-term events on resident aquatic assemblagesis
lacking (Rankin, et al. 1999). Given the low acute toxicity of elevated nutrients during such
short-term events, it is the residual effects of nutrient loadings that are likely of most
consequence to aguatic community performance. The cumulative effects of these events on
trophic and energy dynamics of lotic ecosystems may be long lasting.

4.2.8 Stream Gradient

Stream gradient, or slope, is the change in water surface elevation over a given distance as
expressed as a percentage (valley gradient/sinuosity = channel gradient). Slope can often be
estimated from sinuosity derived from aerial photos and topographical maps. Gradient is directly
related to both bed-material load and grain size, and isinversaly related to discharge (Schumm
1977).

Gradient classes are useful in grouping streams with similar response to flow and sediment
inputs. Rosgen (1994) provides the following gradient classes:

Gentle gradient <2%
Riffle dominated 2-4%
Steep 4-10%

Very Steep >10%

Very steep slopes are characterized as having frequently-spaced vertical drops and pools as bed
features, with high debris transport. Steep slopes are characterized as having steep, cascading
steps and pools as bed features. Riffle dominated streams and rivers have characteristic rapids
and infregquently-spaced scour pools at bends or areas of constriction. Thoserivers classified as
having a gentle gradients have gentle slopes with riffles and pools as bed features.

Leopold et a. (1964) and Morisawa (1968) have correlated stream gradient with mean particle
size such that streams with higher gradients have larger average diameter substrate particles than
streams with low gradients. Because phosphorusis delivered into streams attached to fine
particles (particulate phosphorus), streams with a high bedload of fine sediment also have the
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highest concentrations of total phosphorus. Fresh sediments in high-gradient streams may create
a buffer from high phosphorus concentrations by providing adsorption sites for phosphorus
(Klotz 1988). By contrast, in low-gradient streams with high sediment retention such adsorption
sites may be secured by existing phosphorus and the sediment will have little effect as a nutrient
buffer.

The retention time for water and fine particles within the low flow channel of low gradient
streamsislonger than for higher gradient streams, resulting in an accumulation of total
phosphorus. This provides more time for the available phosphorus to be utilized in potentially
undesirable ways such as the production of excess algal biomass. The retention of nutrientsin a
stream reach and nutrient fluxes are important in determining how nutrients affect aquatic
assemblages. Reaches that either export or assimilate nutrients into desired biomass quickly (e.g.,
streams with high quality habitat and high gradient) may be less impacted by short-term loadings
of nutrients. Low gradient streams, because of longer nutrient and sediment retention times, are
more susceptible to the effects of nutrients than otherwise similar high gradient streams.

4.2.9 Width-to-Depth Ratio

The width-to-depth ratio describes a dimension of bankful channel to bankful mean depth.
Bankful discharge is defined as the momentary maximum peak flow, which occurs several days
per year and is related to channel-forming flow (Figure 4-2). Stream characteristics and sediment
transport relations rely heavily on the frequency and magnitude of bankful discharge. Bankful
width, along with the associated discharge regime, serves as a consistent morphological index
that relates to channel formation and maintenance.

Figure 4-2. Typical Channel Cross Section lllustrating Bankfull Width and Depth Concepts
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Bankful width is used as a surrogate for bankful discharge. Bankful discharge is the flow volume
which transports the largest portion of the annual sediment load, including bedload, over a period
of years (Wolman and Miller 1960). It is that flow which mobilizes the majority of the bed
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material and develops and maintains the form of the channel (Olsen et a. 1997). It isacritical
discharge, as channel-forming forces do not increase proportionately at flows greater than
bankful due to over-bank dissipation of energy. Bankful flows generally correspond to the 1.5 to
2 year recurrence flow event (Bray 1982). Measurement of bankful width is arepeatable variable
but is often difficult to identify in non-entrenched channels. As mentioned previously, sediment
transport plays a significant role in nutrient load to downstream waterbodies. Rosgen (1994)
classifies low ratios as those less than 12. Values greater than 12 are classified as moderate or
high.

4.2.10 Entrenchment Ratio (Stream Confinement)

An important factor of classification isthe relationship of the stream to itsvalley. This
relationship of the width of the flood prone areato the width of the channel tells the degree to
which the stream isincised or entrenched (vertically contained) into the valley floor. Relative
entrenchment makes the distinction of whether the flat area adjacent to the channel is a frequent
floodplain, aterrace (an abandoned floodplain), or is outside of aflood prone area. The flood-
prone areais generally flooded in a 50-year storm event.

Rosgen (1994) presents the following ranges for entrenchment ratios:
Entrenched streams 1-14
Moderately entrenched streams 141-22

Slightly entrenched

(well-developed floodplains) >2.:2

The continuum concept (for field measurements) alows for variation of £0.2 units if other
criteria still match the range of variables for that type of stream (Rosgen 1994).

4.2.11 Sinuosity

Sinuosity istheratio of stream length to valley length. It can aso be described as the ratio of
valley slope to channel slope. Mapping sinuosity from aerial photos is often possible, and
interpretations can often be made of slope, channel materials, and entrenchment once sinuosity is
determined. Values of sinuosity appear to be modified by bedrock control, roads, channel
confinement, specific vegetative types, and other factors. In general, as gradient and particle size
decreases, thereis an increase in sinuosity. The continuum concept alows for variation of +0.2
unitsif other criteria still match the range of variables for that type of stream (Rosgen 1994).

The geometry (or pattern) of meanders in a stream are directly related to sinuosity. Curves are
formed in the stream in reaction to physical forces that seek an equilibrium of smallest energy
expense.
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4.2.12 Channel Materials

The bed and bank materials of the river are critical to sediment transport and hydraulic
influences; these materials also modify the form, plan, and profile of ariver. Interpretations of
biological function and stability also require thisinformation. A good working knowledge of the
soils associated with various landforms can often predict the channel materials at the Level |
delineation level. Reliable estimates of the soil characteristics for glacial till, glacial outwash,
aluvial fans, river terraces, lake and wind deposits, and residual soils can usually be derived
from existing soils and geology maps. Rosgen (1994) reports the dominant particle size asthe
median size, or the size that is equal to or larger than 50% of the total sample.

4.3 SUMMARY FOR RIVERS AND STREAMS

Ecoregions and stream classification systems provide aframework for organizing habitat
components, habitat variables, and narrative, as well as numerical, indicators. Level 111
ecoregions may provide a sufficient first iteration for categorizing watersheds in order to
evaluate potential reference conditions for many habitat variables. Further subdivision of
ecoregion organization may be useful in providing a more homogeneous organization of
watersheds but may also be a daunting task given the limited amount of data on reference
condition. Using beneficia uses as a subclassification scheme will reduce the need for true
reference conditions by providing a context against which we can assess the status of a stream
reach asit is not meeting, meeting, or exceeding its beneficial uses. A meaningful organization
of stream networks ultimately depends on the identification of geomorphically-similar stream
reaches that respond to nutrient loads in a similar fashion. Classification systems that incorporate
these factors should be useful in developing a spatia framework for habitat indicators.

4.4 LAKES AND RESERVOIRS

Unlike rivers and streams that can span large geographic regions, most lakes and reservoirs are
discrete water bodies that are typically confined to smaller regions. Most |akes and reservoirs are
relatively small and they are typically components of much larger river systems. Because rivers
and streams can cover large areas with different climates, landforms, geologies, and flow
regimes, their characteristics can change drastically along their courses from their headwaters to
their downstream boundaries. Therefore, many river classification schemes tend to focus on
subdivisions of large spatia scales, and the hydraulic and geomorphological characteristics of
specific channel sections within alarger river network. Since lakes are often fed by rivers, the
broader classification schemes that refer to watersheds and river basins are also often applicable
to lakes.

Because |akes are often viewed as isolated water bodies, most traditional 1ake classification
schemes have focused on groups of physical, chemical, or biological characteristics within lakes
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that make them similar in terms of biogeochemical cycling processes. The most important of
these is the eutrophication classification, which represents the overall nutrient status of the lakes.
Lakes are classified as oligotrophic, mesotrophic, eutrophic, and hypereutrophic, depending on
whether they have low, moderate, high, or extremely high levels of nutrient enrichment,
respectively. These classifications are broad and embody a wide array of lake attributes including
nutrients, phytoplankton (densities and productivity), turbidity, dissolved oxygen, and many
other water quality parameters and biological factors that influence all components of aquatic
ecosystems. The nutrient status influences the species composition, abundance, and productivity
of al trophic levels from bacteria through fish. Eutrophication classifications are also used for all
other types of water bodies, but the specific nutrient limits and biological responses within a
category can be somewhat different than in lakes.

Lakes can also be classified in terms of many other water quality variables (depending on the
objectives of the analysis) For example, aerobic versus anaerobic, stratified versus fully mixed,
hard water versus soft water, acid versus alkaline, etc.,. Each of these smple classifications
implies numerous other biogeochemical and biological relationships that are associated with
those types of lakes. Differencesin the vertical distributions of certain critical water quality
variables can also be used to categorize lakes. An example is the orthograde, clinograde, positive
heterograde, or negative heterograde oxygen profiles of lakes with different levels of
productivity.

Other lake classification schemes focus on different spatial zones within lakes. Horizontally,
lakes can be divided into the littoral zone and the pelagic zone. The littoral zone is the nearshore
area adjacent to the lake shoreline that is shallow enough to support macrophytic vegetation, and
the pelagic zone is the remaining offshore open water portion of the lake. The boundaries of the
littoral zone depend on how far light penetrates the water column, since rooted vegetation can
exist only where light reaches the sediments. The extent of the littoral zone therefore depends on
both the bottom slope of the shoreline and turbidity. The littoral zone can be further subdivided
into the upper, middle, and lower littoral zones, depending on the distribution of the three major
types of rooted macrophytes that occupy each zone along a depth gradient. The upper littoral is
dominated by emergent macrophytes, the middle littoral by floating-leaved macrophytes, and the
lower littoral by submersed macrophytes (Wetzel 1983).

The biological communities and biogeochemical cycling processes can vary greatly between the
littoral and pelagic zones. Primary production in the littoral zone is driven mostly by
macrophytes, periphyton, and epiphytic algae, while primary production in the pelagic zoneis
driven by phytoplankton. The littoral zone is much more heterogeneous than the pelagic zone
due to variations in the vegetation and bottom substrate. It is aso typically oxygenated and fairly
well lighted, but has many sources of cover. The littoral zone therefore has a different food web
structure, as well as different habitat characteristics, than the pelagic zone; as aresult, their
biological communities, organism associations, and productivities are often very different.

The pelagic zone refers primarily to aregion of the lake water column, while the littoral zone
refers to both the nearshore waters and sediments. A parallel category that refers to the offshore
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sediments below the littoral zone is the profundal zone. The profundal zone represents the
sediments and benthic environment in the pelagic portion of the lake.

Many other spatial classification schemes for lakes focus on vertical differencesin lake
processes. Seasonal temperature stratification is the most critical element, since it influences
almost all other processesin lakes. Stratification isolates the surface waters from the deep waters
during the periods of peak production. Atmospheric exchanges and photosynthetic activities are
restricted to the upper waters, while sediment interactions and many decomposition processes
occur primarily in the deeper waters. Thisresultsin major differencesin the vertical distribution
of water quality and biological processes. Spatial classification based on vertical temperature
profiles separates the water column into three zones: the epilimnion, metalimnion, and
hypolimnion. The upper mixed layer is the epilimnion, the thermocline region is the
metalimnion, and deeper area below the thermocline is the hypolimnion (Figure 4-3). The
metalimnion is often lumped together with the hypolimnion or epilimnion, sinceit isreally a
transition zone between these two major categories.

Figure 4-3. Typical Thermal Stratification of a Lake into the Epilimnetic, Metalimnetic, and
Hypolimnetic Water Strata
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Other vertical spatial classification schemes for lakes focus on light availability, for example the
photic zone and the aphotic zone. The photic zone is the upper portion of the water column
where net photosynthesis occurs, and the aphotic zone is the remaining lower portion of the
water column where light is too low to support photosynthesis.

Lakes can aso be classified in many other ways that distinguish their geographic location,
geologic origin, size and shape, hydrologic characteristics, watershed features, biological
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communities, and primary uses. Many of these factors can influence the nutrient dynamics and
potential productivity of lakes. Therefore, some of these classification schemes should be useful
for grouping lakes into categories with similar background nutrient concentrations, levels of
primary production, and responses to external nutrient loads.

Several classification categories must be explored to determine which variables are most
important to distinguishing the nutrient responses of lakes. The potential |ake classification
factors can be grouped into the following major categories:

* location

* laketype

* sizeand shape

o flow

» watershed characteristics
o water quality

o dratification

» lakeorigin

e age

» dam operation (for reservoirs)
» fish community
» other biological characteristics

Each of these categories includes numerousindividual classification factors, many of which are
potentially useful for separating lakes into groups with different nutrient responses. These factors
are discussed in the following sections.

Because there are many types of classification categories, each with many potential classification
variables, it will be necessary to determine which key variables are the most critical for
separating the nutrient responses of lakes (since it isonly practical to include afew parametersin
any classification hierarchy). Several of these categories interact or overlap in some ways.
Therefore, it will be important to determine which parameters are the most independent and exert
the most influence. However, parameters that integrate the influence of severa factors may also
be useful. Some categories have easily available information, while others will be difficult to
obtain. Therefore, data availability and the cost and effort required to obtain the datawill also be
an important consideration. The final classification scheme should include only afew key
variables that can be easily obtained for most lakes.

441 Location

Several location-related factors can influence the nutrient status of alake. These include the
ecoregion, the elevation, and the position in the drainage basin or along ariver network.
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Ecoregion differences incorporate many important factors including climate, geology, soil types,
vegetation types, elevations, topography, and land use. Together these factors influence both the
hydrology and external nutrient loading to the lake, as well as the temperature pattern and solar
radiation, that drive primary production.

Although elevations are incorporated into the ecoregion categories, it may be appropriate to
consider elevation as a separate factor in the more mountainous regions; high atitude lakes, for
example, behave differently than lower altitude lakes. High elevation lakes in granitic basins are
expected to have relatively low nutrient loads from the watershed (as well as lower temperatures)
resulting in low productivity. Lower elevation lakes may have better devel oped soils, warmer
climates, and larger watersheds, all of which may contribute to greater nutrient loading and
higher primary productivity. However, residence times may be shorter due to higher flow rates
from the larger watershed, and higher levels of turbidity may occur from the increased river
influence, possibly inhibiting photosynthesis.

The position of alake within adrainage basin or along ariver network can also influence its
nutrient status. Lakes situated high in the drainage basin, or near the headwaters of streams, are
often at higher elevations and have lower levels of nutrient loadings and primary productivity
(for the same reasons as higher elevation lakes). In contrast, lakes at the lower ends of large
drainage basins, or along the lower reaches of major river networks, receive the cumulative
nutrient loads from all of the upstream areas in the watersheds, and therefore may be more
nutrient enriched. In addition, they are typically at lower elevations and are subject to warmer
climates and greater primary productivity. Furthermore, lower elevations often have more
nutrient rich soils than higher elevations. Heavily forested upland areas typically have lower
background nutrient concentrations in runoff and base flows than grass or scrub areasin the
lowlands.

Most lakes behave as nutrient sinks; a portion of the nutrient loads are taken up by algae that
settle and deposit nutrients in the sediments. Therefore, a significant portion of the upstream
nutrient loads from the watershed may be deposited in upstream lakes, particularly if they have
long residence times. Surface releases from upstream lakes often have much lower nutrient levels
than ambient nutrient levels in the streams feeding the | akes because of nutrient depletion by
phytoplankton uptake. This results in reduced nutrient loads to the lakes directly downstream,
particularly during periods when upstream |lake rel eases make up a major portion of the incoming
stream flow.

Information on lake location with respect to ecoregion, elevation, or position along a drainage
basin or river network can be easily obtained from geographic data or USGS topographic maps.
Categorization schemes will have to be developed to represent position along a stream or
drainage basin. This could include factors such as stream order, distance from headwaters,
upland areas versus mainstem river, and distance from upstream lake.
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4.4.2 Lake Type

Lakes can be classified as open or closed systems, depending on whether the |ake has a major
outflow. Lakes with no apparent outlet may still lose water through seepage to groundwater,
which results in alake response similar to outflows to a stream. If the lake basin islocated in
impervious material, there may be no outlet. In these situations, the major source of water
removal is evaporation.

In closed systems or seepage |akes with low seepage rates, thereis limited opportunity for
nutrients entering the lake to exit the system through normal transport processes. The only loss
processes are sedimentation and burial in the deep sediments. Evaporation resultsin the
concentration of nutrients and other constituents. In regions where evaporation losses are
significant, nutrient levels may become elevated. Internal nutrient loads from sediment release
and algal or macrophyte decomposition can produce higher nutrient levelsin the water column
than in open lakes (because none of these |oads can be washed out of the lake through outflows).
Since there is no flushing, phytoplankton may reach higher levels than in lakes with significant
outflows.

In contrast, open systems can lose a significant portion of their nutrient loads through outflows.
If the outflow rate is high, relative to the volume of the lake, flushing can offset phytoplankton
growth and limit the maximum algal levels that can be attained. Open systems with short
residence times respond rapidly to changes in nutrient loading regimes and inflow nutrient
concentrations; thereis less time for sedimentation processes to remove nutrients from the water
column.

The determination of whether alake is open or closed can often be determined from using maps
or other sources of geographic data. In other cases, it can be obtained from interviews or site
visits. However, the determination of the rates or significance of seepage |0sses requires water
balance studies, and are typically not available for most |akes.

4.4.3 Size and Shape

Sizeis an important attribute that can influence lake response to nutrient enrichment. Smaller
lakes are typically shallower and have smaller surface areas that are more heavily influenced by
littoral processes and shoreline activities.

Shallow depths result in higher light intensities over a greater portion of the water column,
increasing photosynthesis and lake productivity. Light penetration to the lake bottom also
promotes macrophyte and periphyton growth. Mean depth isinversely correlated with
productivity at all levelsin large lakes (Wetzel, 1983). The deeper the lake, the greater the
portion of the water column that cannot support photosynthesis. Although this correlation breaks
down in shallow lakes, shallow lakes are still generally more productive than deeper |akes.
Shallow lakes have more light, greater interaction with the sediments, and more littoral areas.
Biological productivity is typically highest in areas where the photosynthetic zone overlaps the
decomposition zone (Wetzel, 1983), as nutrients rel eased during decomposition are immediately
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available for photosynthesis. In deep lakes, stratification isolates the lower decomposition zone
from the upper photosynthetic zone during most of the peak growing season.

Shallow depths increase the water column response to sediment-nutrient rel eases or plant
decomposition releases because |ess water is available to dilute these internal 1oad sources. In
addition, the shallower depths and increased productivity result in greater settling losses and
allow more organic detrital material to accumulate in the sediments. This increases the sediment
nutrient contents and sediment release rates.

Shallow depths may also prevent stratification and the development of an anaerobic
hypolimnion. Maintenance of aerobic conditions at the sediment-water interface reduces
phosphorus and ammonia release rates from the sediments. In very productive shallow lakes, the
high levels of productivity may produce diurnal anoxiafrom plant respiration, eliminating the
oxidized microzone at the sediment surface and increasing nutrient release rates during the night.
The high oxygen demand associated with the decomposition of organic matter on the sediment
surface may also prevent the development of an oxidized microzone at the sediment-water
interface, even though most of the water column above the sediments is oxygenated. Deep
productive lakes generally develop an anaerobic hypolimnion during the summer months.
Although this maximizes nutrient release rates from the sediments, stratification prevents them
from reaching the productive surface waters.

Since macrophytes compete with phytoplankton for light and nutrients, shallow macrophyte-
infested lakes may have low phytoplankton densities, even though nutrients are abundant.
Phytoplankton blooms often occur following macrophyte removal, since they are no longer light-
limited from macrophyte shading.

Since the littoral zone is often amajor portion of the overall area of small lakes, littoral
production and decomposition processes play critical roles in the nutrient dynamics of small
lakes. Attached littoral communities contribute more to the overall productivity of small or
shallow lakes than to larger or deeper lakes. Large or deep lakes are dominated more by pelagic
production. Littoral contributions to production and nutrient cycling are also higher in lakes with
very irregular shorelines, since the shore areas are large relative to the surface area of the lake.

Mean depth and volume are the most useful parameters for characterizing the size of lakes. Mean
depth isdirectly related to light penetration, photosynthesis, macrophyte and periphyton habitat,
stratification, sediment release, and dissolved oxygen processesin lakes, so it playsamajor role
in nutrient dynamics and algal and plant response to nutrient enrichment. Therefore, mean depth
isregarded as the best single index of lake morphometric conditions (Wetzel, 1983).

Lake volume determines the amount of water available to dilute nutrient loads. Together with
inflow or outflow rates, it determines the |ake residence time, which isimportant to nutrient
accumulation and sedimentation processes, as well as phytoplankton flushing.

Lake surface areais also useful for characterizing the size of alake, but it can be calculated from
volume and mean depth. Other measures of size such as maximum depth, maximum length,
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maximum width, or shoreline length can also be used, but they are less useful than the other
measures since they are not as closely related to lake processes.

The shape of alake can also influence nutrient dynamics since lakes with very irregular or
dendritic shorelines have much greater littoral zones than more regularly shaped lakes of similar
surface area, depth, and volume. This attribute is most easily captured by the shoreline
development ratio, which istheratio of the actual lake perimeter to the perimeter of a circle with
the same surface area of the lake.

Many measures of |ake size are expected to be readily available. The surface area, maximum
length, maximum width, and lake perimeter can be easily obtained for all lakes from maps and
other forms of geographic data. Lake volume, surface area, and mean depth are interrelated, so if
any two of these parameters are known, the other can be easily calculated. Mean depth and
maximum depth have similar correlations in many lakes, so if one is known, the other can be
estimated.

Lake volumes should be available for all reservoirs and for other major |akes where bathymetric
surveys have been conducted. If the volume is unknown, it can be estimated by first estimating
the mean depth from measurements of maximum depth, and then calculating volume by
multiplying mean depth by surface area. If the volume and surface area are known, the maximum
depth can be estimated by cal culating the mean depth and using the above ratio to predict
maximum depth.

4.4.4 Flow

The flow rate through alake plays a major role in determining the nutrient and phytoplankton
concentrations. The flow rates into the lake determine the nutrient loads from rivers and other
tributaries. Inflows are usually the major external nutrient sources to lakes from the watershed.
The outflow rates determine the amounts of nutrients and phytoplankton that are removed from
the lake.

Flow rates can be characterized by inflow rate, outflow rate, and residence time, which isthe
lake volume divided by the inflow or outflow rate. Residence time quantifies the average time
inflowing water remains in the lake. Residence time combines both flow and size characteristics,
and is therefore more directly related to lake processes that control nutrient concentrations than
inflow or outflow rates alone.

Ouitflows and nutrient sedimentation are the two major pathways for removing nutrients from the
water column. Outflows permanently remove nutrients from the lake ecosystem, while
sedimentation processes transport them to the sediments where a portion of them are later cycled
back to the water column through sediment decomposition and rel ease processes. Some of the
nutrients that accumulate in the sediments are refractory compounds that are not regenerated and
returned to the waters. Deposition also results in the continual buria of previously settled
nutrients to the deeper inactive portion of the sediments that have minimal interaction with the
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water column. Deep sediment burial therefore effectively removes this portion of the nutrients
from the lake ecosystem.

The lake residence time is important to sedimentation losses. Nutrient sedimentation results from
uptake and settling by phytoplankton and by adsorption of phosphate and ammoniato settling
detrital materials, especially clays. In some lakes, especially very hard water lakes, nutrients can
be sedimented through coprecipitation processes. The longer the residence time of water in the
lake, the more opportunity there is for settling and nutrient sedimentation to occur. Therefore, for
agiven loading rate, the greater the residence time, the lower the nutrient concentrationsin the
water column.

The shorter the residence time, the more quickly the lake reaches steady-state nutrient
concentrations after changes in loads. The shortest residence times are generally associated with
lakes and reservoirs on rivers or streams during high flow periods. If the stream inflow isthe
major nutrient source, the lake nutrient concentrations will approach the stream concentrations as
the residence time decreases since there is no time for significant sedimentation losses. However,
internal nutrient loads from the sediments may obscure this relationship.

The residence time reflects the flushing capacity of the lake. Since flushing removes
phytoplankton, the shorter the residence time, the less opportunity there is for phytoplankton
blooms. Thisisimportant primarily for relatively short residence times that are similar to the
time scale of algal growth processes. In these situations, the shorter the residence time, the lower
the resulting phytoplankton concentrations (assuming the same nutrient concentrations in the
water column). At longer residence times, grazing and settling losses, as well as growth
limitation by nutrients or light, may be more important than outflow and flushing losses. Since
residence time influences both algae and nutrients in different ways, and since algae and
nutrients directly influence each other, the net effect of variationsin residence time on
phytoplankton concentrations is complex and depends largely on the time scales involved.

The location of the outflowsis aso important. In areservoir with a deep outlet below the depth
of the thermocline, outflows remove nutrients from the hypolimnion, but have minimal effects
on nutrients and phytoplankton in the epilimnion. Therefore, residence time or outflow rate
considerations are not of such major importance during the summer stratification season, since
nutrient and phytoplankton problems are associated with the epilimnion. However, outflow rates
and residence times still influence the overall nutrient budgets, and can therefore influence the
magnitude of the spring phytoplankton blooms at the beginning of the stratification season.

Changes in surface elevation or storage volume associated with outflows from reservoirs also
influence nutrient dynamics. Lowering the surface elevation may drop the water level below the
vegetated portion of the littoral zone, desiccating periphyton and macrophytes and reducing
littoral influences on nutrient cycling. Lowering the water level may aso drop the thermocline
elevation below the level of areservoir outlet, converting a hypolimnetic withdrawal to an
epilimnetic withdrawal. Reductions in storage volumes associated with lower water levels reduce
residence times, assuming the flow rates remain the same.
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Flow rate and residence time information is available for many lakes, but not for all of them. Itis
most likely to be available from reservoirs, since stream flow or release monitoring may be
conducted to manage the reservoir. If fluctuationsin reservoir surface elevation are recorded,
adjustments can be made to the flow estimates using water budget methods in conjunction with
precipitation and evaporation information. Flow information may be available stream gauging
stations located upstream or downstream of the lake. The USGS maintains a network of
permanent stream gauges, but additional gauges are available in some areas from other agencies.
If no stream gauge measurements are available, inflows can be estimated from precipitation data
using the watershed area and typical runoff coefficients for the mgor land uses in the watershed.
Known releases from upstream reservoirs should be included in these estimates.

Residence times are easily calculated from the volume and flow estimates. If volume and
residence time information are available from other sources, then average flow rates can be
calculated in the absence of direct flow measurements. In this situation, it must be assumed that
the group responsible for the residence time estimate had sufficient flow information to
accurately derive the number.

4.45 Watershed Characteristics

Watershed characteristics play a major role in determining the nutrient concentrations and
productivity of lakes since, together with waste disposal activitiesin the watershed, they are the
major determinants of external nutrient loads to the lake. Watershed characteristics, together with
precipitation patterns, also control the lake hydrology.

The most fundamental watershed characteristic is the size of the drainage basin. In the absence of
human nutrient sources, the greater the watershed area, the greater the nutrient loads and inflows
for agiven land cover and climate. The topography is also important since more erosion and
runoff can be expected in steep terrain. The relative influence of external nutrient loads on the
nutrient levels and productivity within the |ake depend to some extent on the lake size and
flushing rate. The flushing rate depends on both the size of the watershed and the size of the lake.
Therefore, the ratio of the watershed area to the lake volume or surface area may be amore
useful classification parameter that captures some of these interactions.

The land uses, vegetation types and coverage, and the soil characteristics and geology of the
watershed also play key roles in determining runoff, nutrient loads, and soil erosion from the
watershed. For example, dense forest vegetation is efficient at extracting both nutrients and water
from the soils, and at minimizing the erosive effects of heavy rainfall. Therefore, both nutrient
loads and runoff are typically small from forested areas relative to other types of land cover. In
contrast, heavily urbanized watersheds have extensive impervious areas that maximize both
runoff and nutrient accumulation, and since human activities further increase nutrient
accumulation on the land, nutrient loads to urban lakes would be expected to be higher than to
lakes in undevel oped forested areas. The geology and soil characteristics are also very important
in determining the nutrient loads from watersheds. Some areas have geological formations and
soils that are high in phosphorus or nitrogen, while others areas have formations or soils that are
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low in nutrients. High elevation lakes in rocky mountainous areas would be expected to have
lower nutrient loads than more lowland lakes surrounded by fertile soils. Soil properties such as
erodability, grain size, and cohesiveness influence erosion rates, and therefore the particulate
nutrient loads to lakes.

4.4.6 Water Quality

In addition to nutrients, several water quality parameters influence the nutrient dynamics and
productivity in lakes. Some have a direct impact on these processes, while others are indicative
of important biogeochemical attributes of the watershed that are related to natural nutrient
abundance. Key parameters include non-algal turbidity, color, pH, total dissolved solids,
conductivity, alkalinity, and hardness.

Non-algal turbidity is associated with inorganic sediment particles and plant debris that enters
the lake through stream inflows, or is resuspended from the bottom by wind and wave action. It
isimportant to nutrient cycling because suspended inorganic particles such as clays can adsorb
phosphate and ammonia, making them unavailable for phytoplankton uptake and transporting
them from the water column to the sediments. More importantly, non-algal turbidity can control
light transmission and the depth of the photic zone, causing light limitation of algal growth when
turbidity is high. Therefore, turbid lakes may have low algal densities and low levels of the water
quality impacts associated with eutrophication, even though the nutrient levelsin the water are
high. In addition to limiting photosynthesis, the turbidity influences stratification through its
effects on the attenuation of solar radiation. Non-algal turbidity islargely dependent on the
watershed soils, vegetation, geology, and hydrology.

Color indicates the amounts of dissolved organic matter in the water. Watershed inflows through
organic soils or wetlands often carry dissolved humic substances into lakes, resulting in ayellow
or brown stained water. Colloidal calcium carbonate often formsin hard-water lakes, producing
a blue-green color. Colored water inhibits photosynthesis, both because it reduces light
penetration, and because dissolved organic matter chelates nutrients, making them unavailable
for algal uptake. Liketurbid lakes, highly colored lakes often have very low productivity, even
though nutrients are abundant. pH is also related to color since many of the organic compounds
are humic acids.

Total dissolved solids (TDS) (or salinity) and conductivity are measures of the total amounts of
dissolved chemicalsin the water. Conductivity is a convenient field measurement for making this
determination, and is less expensive than TDS analysesin the lab. TDS concentrations in lakes
depend on both the levels of dissolved constituents introduced from the watershed, and on lake
hydrologic processes such as precipitation and evaporation, which either dilute or concentrate the
TDS concentrations. TDS is dominated by conservative constituents, so it is not as subject to the
rapid changes that occur with biologically active constituents like nutrients. Therefore, in lakes
that do not receive maor contaminant loads from man, it is agood measure of the natural
chemical loads from the watershed combined with the major 1ake processes that determine their
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fate in the lake. Since nutrients are natural components of the earth’ s crust, lakes with higher
TDS levels would aso be expected to have higher levels of nutrients.

Alkalinity issimilar to TDS as an indicator of natural watershed nutrient inputs to lakes. Alkaline
soils are typically rich in nutrients, especially phosphorus. Therefore, watersheds with alkaline
soilswill result in more alkaline lakes, which in turn would be expected to have higher
phosphorus concentrations because of natural conditions in the watershed.

Hardness represents the calcium and magnesium concentrations in the water. Calcium and
magnesium are two of the four major cationic components of TDS. Therefore, like TDS, lakes
with high levels of calcium and magnesium are expected to have high loads of nutrients from the
watershed. However, several important processes occur in hard-water calcareous lakes that alter
the nutrient levels and productivity (Wetzel, 1983). High concentrations of calcium and
carbonate result in cal cium carbonate precipitation. Phosphate and essential micronutrients like
iron and manganese aso coprecipitate with the calcium carbonate. In addition, the settling
particul ates and colloids adsorb phosphate and certain micronutrients and dissolved organic
compounds, effectively removing them from the water column. High pH values also reduce the
availability of free carbon dioxide. The low phosphorus and micronutrient levelsinhibit
photosynthesis, resulting in low algal densities. Although phosphorus and algae are low,
inorganic nitrogen levels are usually very high. Thisis because inorganic nitrogen is not
coprecipitated or adsorbed, algal uptake islow, and nitrogen loads are typically highin
calcareous regions. The low productivity generates less organic matter and maintains aerobic
conditions at the sediment-water interface. The oxidized microzone inhibits phosphorus rel ease
from the sediments. The low levels of organic material restrict microbial activity and the release
or synthesis of certain micronutrients. These factors further contribute to the low productivity
and low phosphorus levelsin hard-water |akes.

pH is correlated with akalinity, hardness, and color. Alkaline and hard-water |akes are generally
well buffered, with pH values above 8. Seegpage | akes and lakes in igneous rock catchments tend
to be less buffered and more acidic, with pH values lower than 7 (Wetzel, 1983). Lakes that are
stained yellow or brown from humic acids are acidic and have low pH values, while hard-water
lakes colored blue-green with colloidal calcium carbonate are alkaline and have high pH values.
Although pH is related to the above parameters, which are in turn related to watershed
characteristics correlated with nutrient concentrations in lakes, pH is also influenced by algal and
macrophyte productivity. Photosynthesis removes carbon dioxide from the water, and can cause
significant increases in pH during periods of peak production. Therefore, pH is aresponse
variable, and may be less useful as a classification parameter than some of the other water
quality variables above that are more independent of production levelsin the lake.

M easurements of turbidity, color, pH, total dissolved solids, conductivity, alkalinity, and
hardness may be available for well-studied lakes or lakes that have major monitoring programs.
However, for many of the other lakes, only afew of these parameters are likely to be available.
Turbidity, pH, and conductivity are easily measured in the field, so they are often available.
Color can be estimated by observation, but particulate materials like phytoplankton and
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suspended clays can contribute to the color, and visual observations are somewhat subjective.
Color can be determined more precisely using standard color scales and filtering the water to
remove suspended material. Turbidity is most commonly measured as Secchi depth, which can
be correlated to total suspended solids concentrations through empirical relationships. If algal
densities are quantified separately, then the non-algal turbidity can be calculated by difference.

4.4.7 Stratification

Whether alake becomes stratified or remains vertically mixed throughout the year plays a major
role in both nutrient cycling processes and the potential primary productivity of lakes.
Stratification occurs in degper lakes. Most temperate |akes that are deeper than about 10 meters
exhibit seasonal stratification (Wetzel, 1983). The thermocline depth varies throughout the
stratified season, typically beginning with a shallow depth at the beginning of stratification in the
spring, and increasing gradually throughout the summer and fall until mixing occurs. The
stratification depth, the depth range of the thermocline, and the intensity of stratification depend
on the complex interaction of several factors. These include meteorologic factors such as solar
radiation, air temperature, wind speed, and humidity, which determine the rate of surface heating
(or cooling); water clarity, which determines the depth of solar radiation penetration in the water
column; wind speeds, directions, and frequencies, which determine the degrees of surface
mixing, shear stresses and turbulence in the water column, and wind-driven circulation patterns;
inflow rates and temperatures (densities), which determine volumes of water entering the lake,
whether they flow into the epilimnion or hypolimnion, and the resulting heat fluxes and currents,
outflow rates and the depths of outlet structures, which determine the volumes of water leaving
the lake, whether they are withdrawn from the epilimnion or hypolimnion, and the resulting heat
losses and currents; and heat exchange with the sediments.

Stratification affects nutrient cycling, water quality, primary production, and fish habitat in
several ways. Unstratified lakes are relatively shallow, so vertical mixing occurs on aregular
basis. This makes all inorganic nutrients released from sediments, decomposing organic material
in the water column, metabolic processes in the lake, or external loads from the watershed
immediately available for algal growth. Since the lakes are shallow, light penetrates a greater
portion of the total water column, increasing the production rate per unit volume of water. The
photic zone may extend to the bottom, promoting macrophyte growth across the whole lake area.
Rooted macrophytes extract nutrients from the sediments, and rel ease them to the water column
through sloughing and decomposition. These internal nutrient |oads are sometimes greater than
external loads from the watershed. Mixing and atmospheric exchange often maintain aerobic
conditions throughout the water column in shallow unstratified lakes. This alows the oxidation
of nitrogen species, increases decomposition of organic matter, and maintains suitable habitat for
fish and other aguatic animals. The presence of an oxidized microzone at the sediment-water
interface greatly reduces the sediment release rates of phosphate and ammonia. Nutrient loads
associated with river inflows always flow into the upper productive zone of shallow unstratified
lakes, where they are immediately available for algal uptake.
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In contrast, deeper stratified lakes have alower hypolimnetic layer that behaves distinctly
different than the surface epilimnetic layer in terms of nutrient cycling and primary production.
Stratification prevents mixing of the waters between the epilimnion and hypolimnion. The
epilimnion behaves similarly to the waters in shallow unstratified |akes, as described above. The
deeper hypolimnetic waters are cooler and usually devoid of light, so primary production is
absent. Macrophytes and nutrient “pumping” are confined to the littoral zone of the epilimnion,
and are absent from the hypolimnion. Therefore, the average production rate per unit volume of
water islower in deeper stratified lakes. However, nutrients accumulate to high levelsin the
hypolimnion since algal uptake processes are absent, and organic materials remain in the water
column longer and attain greater degrees of decomposition before settling on the bottom. In
addition, the decomposition of settling organic matter combined with isolation from the
atmosphere often produces anaerobic conditions in the hypolimnion. This prevents the
development of an oxidized microzone at the sediment-water interface, which maximizes the
rates of sediment nutrient release. However, stratification prevents mixing of the nutrient rich
hypolimnetic waters with the lighted surface waters of the photic zone where photosynthesis
occurs. The development of an anaerobic hypolimnion causes denitrification, which resultsin
nitrogen losses from the water column through the production of gaseous nitrogen.

Stratification generally persists during the summer growing season of maximum light intensity.
The lake mixes the nutrients accumulated in the hypolimnion with the productive surface waters
during destratification, which occurs during the fall in most temperate lakes, and also during the
spring in lakes that stratify during the winter from surface cooling. During stratified periods,
nutrient loads from river inflows may enter the hypolimnion if the inflow temperature is lower
than epilimnetic temperatures. This prevents them from contributing directly to the primary
productivity of the surface waters until mixing occurs.

Stratification can be characterized by whether there are one or two stratified periods per year, the
duration and period of stratification, the average depth of the upper mixed layer, the ratio of the
mixed layer depth to the mean depth or maximum depth of the lake, the ratio of the mixed layer
depth to the depth of the photic zone, the temperature ranges or average temperatures of the
epilimnion and hypolimnion, and the thermal stability or density gradient between the two
layers. Lakes that stratify and mix once per year are termed monomictic, and those that stratify
and mix twice per year are termed dimictic.

Specific information on all of these characteristics can be determined from periodic temperature
profiles, usually measured on a monthly basis. In the absence of temperature measurements, the
existence and genera type of stratification can be estimated from information on the lake depth
and climatic conditions, or from information from other lakes with similar depth, climate, and
hydrology.

4.4.8 Lake Origin

The geomorphologic processes responsible for the formation of a natural |ake influences not only
the size, shape, and geology of the lake itself, but also the morphometry and characteristics of the
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surrounding watershed. The geomorphology controls the watershed drainage characteristics,
nutrient loading, lake hydrology, and lake chemistry, al of which control the metabolism and
productivity of the lake. The lake morphometry along with the inflow volume influences the
thermal stratification patterns, which in turn governs the distribution of nutrients, organisms, and
dissolved gases. The shape and depth of the lake basin also determine the level of productivity in
the lake. Deep lakes tend to be less productive since light and primary production are restricted
to only asmall portion of the upper water column, and sediment nutrient releases occur in the
lower water column and are diluted by the greater volumes of water in deeper lakes. In addition,
deep lakes are usually stratified during the peak growing season, isolating nutrients released from
the sediments from the productive surface waters. In contrast, shallow lakes have light and
primary production occurring over alarger portion of the water column, have more sedimentsin
direct contact with the productive surface waters, and often remain unstratified. The shape of the
lake al so influences nutrient cycling and productivity. Steep sided lakes have smaller littoral
zones compared to lakes with shallower sloping shorelines. Lakes with irregular shorelines have
more littoral areas than comparable-sized |akes with more regular shapes. Littoral vegetation can
contribute significantly to the overall productivity of these lakes.

Lake origins were differentiated into 76 types based on geomorphological inceptionin
Hutchinson's (1957) review of lake origin. These types were grouped into 11 major categories.

1. tectonic processes

2. volcanic activity

landslides

glacia activity

solution processes

river activity

wind processes

shoreline activity

organic accumulation processes
10. meteorite impact

© 0O N Ok ®

11. reservoirs

Because the geologic processes responsible for the formation of lake basins occur over
widespread areas, lakes of similar origin are often found together in the same general region. In
some lakes, severa of the above processes may interact in the formation of the lake. In addition,
lake origins are not always clear-cut, with different investigators proposing different
mechanisms. The major categories of lake origin are described below.
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4.49 Tectonic Processes

Tectonic lake basins are depressions caused by movements of the deeper parts of the earth’s
crust (excluding volcanic activity) (Hutchinson 1957). Lakes formed by faulting are one of the
major types of tectonic lakes (Figure 4-4). Depressions occur between the land masses of both
single fault displacements and down-faulted troughs (grabens). In single fault displacements, the
region is broken into fault blocks that often become tilted, allowing water to accumulate on the
most depressed parts of the blocks. In down-faulted troughs (grabens), a more elongate areais
depressed, and the lake forms at the bottom of the depression. Lakes formed by faulting often
have steep-sided basins, and are relatively deep and unproductive (Wetzel 1983).

Figure 4-4. Tectonic Lake Basins: A Depressed Fault Block Between Two Upheaved Fault Blocks
and Diagram of the Great Fault Blocks of the Northern Sierra Nevada
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Lake Tahoe and Pyramid Lake in Nevada are examples of graben lakes. Several lakesin the
SierraNevada and in the Modoc lava fields of Northern Californiawere formed from tilted fault
blocks (Hutchinson 1957). In addition to lakes formed from major fault blocks, several smaller
lakes occur along the San Andreas and Elsinore faultsin California due to minor local
subsidences (Hutchinson 1957).

Other tectonic mechanisms for the formation of lake basinsinclude: 1) uplifting of marine sea
beds to isolate large basins (e.g., Caspian Seain Eastern Europe); 2) uplifting of marine sea beds
with irregular topography from uneven sedimentation that causes water to accumulate in
depressions (e.g., Lake Okeechobee in Florida); and 3) tilting, warping, or folding of the
continental surface so that uplifted areas block former drainage outlets (e.g., Great Salt Lake in
Utah), 4) impound river valleys (e.g., Lake Victoriain central Africa), 5) create basins between
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mountain ranges, or 6) change the hydrology so that drainage patterns are reversed and water
flows into depressed areas of the atered land surface (Hutchinson 1957).

Volcanic Activity

Volcanic activity can result in the formation of lake basins in severa different ways. The magjor
mechanisms include depressions and cavities formed by: 1) explosive gections of magma, 2)
cooling and distortion of cooling magma, 3) collapse of overlying volcanic material where
underlying magma has been gected, 4) collapse of the surface crust of flowing lavafields over
voids formed by the continued flow of the underlying molten lava, 5) the damming of river
valleys by flowing lava, 6) the formation of barriers by a single volcano acrossavalley, and 7) a
group of volcanoes forming a basin (Hutchinson 1957, Wetzel 1983). In addition to the purely
volcanic activities listed above, subsidence along preexisting fault fractures may occur in
conjunction with volcanic activity, so that extensive portions of the surrounding landscape may
subside along with large scale caldera collapse from several volcanoes.

Lakes form in volcanic cavities when the groundwater table is above the bottom of the crater, or
when an impermeable clay seal forms in the depression. Lakes formed by volcanic explosions
are typicaly round, have small surface areas with diameters less than 2 km, but can be very deep.
Lakes formed by the collapse or subsidence of the roof of a partially emptied magma chamber
are larger, typically with diameters greater than 5 km. Some of the largest |akes associated with
volcanic activity are formed when large-scal e subsidence and caldera collapse occurs along
preexisting fault fractures. Vol canic lakes often have basaltic basins and drainage areas, and the
drainage areas are often restricted, so they are typically low in nutrients and relatively
unproductive (Wetzel 1983). Examples of Californialakes formed by volcanic activity include
Medicine Lake in northeastern California, Snag Lake and the lake in Crater Butte in Lassen Park,
and possibly Mono Lake (Hutchinson 1957).

Landslides

Landslides, rockfalls, and mudflows result in the formation of |ake basins when they flow into
valleys and block streams. Although these lakes are often temporary due to subsequent erosion
of the unconsolidated debris after the lake rises and spills over the dam, sometimes they persist if
the dam is high enough and an outlet developsin adifferent area, or if the landdlideislarge
relative to the size of the stream (Hutchinson 1957). Large slides most commonly occur in
mountain valleys where the stream is eroding relatively soft rock overlaid by more resistant
material that becomes undercut and eventually collapses. Other causes include excessive rains
acting on unstabl e slopes, and occasionally earthquakes. In addition to damming valleys,
landslides can also produce smaller lake basins when a portion of the slide accumul ates away
from the valley wall where it originally detached (Hutchinson 1957).

Several Californialakes have been formed by rockslidesincluding Blue Lake, Pit Lake, and Lost
Lake (al in northeastern California), Manzanilla Lake and Reflection Lake (in Lassen Volcanic
National Park), and the two Kern Lakes west of Mount Whitney (in the Sierra Nevada)
(Hutchinson 1957). Clear Lake (in the California coast range) was formed by alandslide on one
side and alavaflow on the other side of an inter mountain valley (Hutchinson 1957).
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Glacial Activity

Glacial forces have produced more lakes than any other geomorphological process (Hutchinson,
1957), but they occur only in areas that have been subjected to former glacial activity. The
tremendous erosional and depositional forces associated with glacial ice movements result in the
formation of lake basins through many processes. These include: 1) the damming action of rock
debris (moraines) deposited during glacia recession; 2) damming action from the ice of existing
glaciers; 3) glacia scouring of jointed, fractured, or weak rock material; 4) depressions created
by the melting of ice blocks left in large glacia deposits (glacial drift or outwash); 5) depressions
due to surface irregularitiesin glacial deposits (moraine, drift, or outwash); 6) erosion pools
formed by water flowing down crevasses and under the ice of melting glaciers; 7) lakes formed
in permafrost regions by the melting of ice deeper in the permafrost that accumulates at the
surface; and 8) lakes on or within existing ice sheets produced by transitory thaw (Hutchinson
1957). Glacial lakes are formed when the glacial depressions are below the groundwater table,
when glacial melt water fills the depression, or when drainage from the surrounding topography
flows into the depression.

The size, shape, and characteristics of glacial lake basins depend on the particular glacial process
and the surrounding topography and geology. Glacial action in mountainous areas of high relief
produces different types of lake basins than the action of large ice sheets on more mature regions
of gentlerelief (Hutchinson 1957).

Lakes formed by glacial scouring in the valleys of mountainous areas are typically small and
relatively shallow (<50 m) (Wetzel 1983). In contrast, glacial scouring by large ice sheetsin non-
mountainous areas can form very large lakes. For example, the Laurentian Great Lakes were
formed by this process. Fjord lakes, formed by the deep scouring of long, narrow valleysin
mountains at relatively low elevations, typically have long, narrow, deep, steep-sided basins.

Lakes formed by the damming action of moraine (or outwash) deposits or existing glacial arms
are shaped by the topography of the dammed valley. This topography is also heavily influenced
by the previous glacia activity. The moraine/outwash deposits or ice dams may occur in either
the main river valey and block the outflow from alateral tributary valley, or it may extend from
atributary valley and block the stream in the main valley. In some cases, separate glacial
deposits occur within avalley, impounding the lake basin at both ends (e.g., the Finger Lakesin
New Y ork).

Kettle lakes, formed by melting ice blocks in glacial outwash plains, tend to be relatively small
and shallow (<50 m), with highly irregular shape, size, and slope, and often with very irregular
bottom relief with multiple depressions, ridges, and mounds (Wetzel 1983). Thisirregularity is
due to the shape of the original ice fragment that melted to form the lake.

Lakes formed in permafrost regions are typically shallow. The shapes may vary, depending on
the particular mechanism responsible for the lake formation. In some areas, disturbance of the
vegetation cover allows the ground surface to thaw during the summer. Local subsidence occurs
in the thawed soil, with melt water accumulating in the depression. These lakes grow as further
thawing occurs at the lake boundaries, resulting in circular basins. Several of these basins may
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eventually fuse together to form a more complex basin, and levees may later form to isolate
some of the basins. In other areas, lakes form by the melting of ice wedges, which are typically
arranged in polygon patterns. Elliptical lakes are formed in some areas of nearly constant winds
due to the thawing and erosion of permafrost at the downwind end of the lake (Hutchinson
1957).

Solution Processes

Solution lakes are created by cavities formed in soluble rock deposits that are slowly dissolved
by percolating water. Most solution lakes are formed in limestone regions, but they can also form
in other soluble rock formations including gypsum and halite (rock salt) (Hutchinson 1957). The
lake depressions may develop by either the solution of beds at the surface, or by the collapse of
underground cavities from the continual solution and erosion by groundwater. Solution lakes are
often fairly circular and conically shaped, but may form very irregular depressions when several
adjacent circular depressions fuse together. Solution |akes often form when the normal drainage
cracks below sink holes become blocked with residual limestone or sediment. A less common
type of solution lake isformed by the dissolution of ferric hydroxide and hydrous aluminum
silicate in sandy sediments by the action of acid water created from plant extracts. This may
leach a significant portion of the original sediment mass, typically leaving a circular depression
where water accumulates. Various types of solution lakes occur in Florida, South Carolina,
Indiana, Kentucky, and Tennessee (Hutchinson 1957), but they are not important in California,
Nevada, and Arizona.

4.4.10 River Activity

The erosive, sediment transport, and depositional forces operating in rivers provide several
mechanisms for the formation of lakes. These include: 1) plunge pool |akes excavated at the
bases of waterfals, 2) oxbow lakes formed when sediment deposition closes and the main river
re-cuts a channel to isolate the loop of a meander, 3) lakes formed at the base of tributary streams
by sediment deposition from the main stream creating a dam, 4) lakes formed in the main stream
from large sediment deposits introduced through alateral tributary that completely block the
river, 5) lakes formed in the depressions of flood plains that occur by uneven deposition during
floods, and 6) lakes formed in the deltas of major rivers where sediment deposition closes former
drainage channels or 7) where previous delta lakes are divided into more | akes by sediment
accumulation (Hutchinson 1957).

Plunge pool lakes occur under large waterfalls in the upper reaches of streams where the
gradients are very steep. They typically form rock basins, with lakes remaining after the main
course of the river has been diverted.

Lateral lakes formed by sedimentation blocking the base of atributary are most common in the
upper portions of the drainage where tributary valleys are steep. Lakes formed by sediment
deposition from tributaries blocking the main stream (called fluviatile dams) are more rare, and
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usually occur in areas where steep gradient tributaries enter awide and relatively flat river
valley, with low gradient and low sediment transport capacity.

The other types of lakes formed by river activity occur in the lower reaches of river flood plains,
usually in areas of gentle slopes. Deltaic lakes form at the downstream ends of river basins,
where theriver flowsinto asea or alarge lake. Oxbow lakes and deltaic |akes are often U-
shaped, and are usually shallow. The outer sides of oxbow lakes are usually deeper than the inner
sides, since meanders are formed by the erosion of the outer bank and deposition on the inner
bank of ariver bend.

Examples of lakes formed by river activity in Californiainclude the original Lake Tulare, Buena
Vista Lake, Kern Lake, and the historical version of the Salton Sea.

4.4.11 Wind Processes

Wind action can form lake basins by redistributing sand or by deflating or eroding broken rock
(Hutchinson 1957). Wind generated lakes occur primarily in arid regions such as the Southwest.
Lake Basins may form in low areas between sand dunes, in areas where migrating dunes block a
river valley, and in deflation basins where wind has eroded material from horizontally stratified
rock or clay. The eroded material from deflation basins may be either carried away or deposited
in crescent-shaped mounds at the downwind end of the basin. Since wind generated lakes occur
in arid regions, they are often formed when the climate changes to a wetter period, so they may
not be permanent. The lakes may form when a large amount of deflation produces a depression
below the current groundwater table, or when the erosion leaves an impervious rock floor that
becomes the lake bottom (Wetzel 1983).

Lakes formed between rows of sand dunes tend to be long and narrow, while those formed when
adune blocks ariver valley tend to be triangular with the widest and deepest part close to the
sand dune. The latter lakes occur both in coastal areas where ariver is blocked from draining to
the sea, and in sandy deserts where a dune terminates ariver. Lakes formed in deflation basins
vary in shape, with round regularly shaped lakesin some areas, long narrow lakes in others, and
very irregular shapesin other areas (Hutchinson 1957). Wind generated |akes are often relatively
shallow compared to other types of lakes.

4.4.12 Shoreline Activity

Shoreline sedimentation processes form lakes when deposition forms a bar or spit across the
mouth of abay or indentation in a coastal area or alarger lake, at the mouth of an estuary, or
across ariver valley (Hutchinson 1957, Wetzel 1983).

Marine coastal |akes are formed by longshore currents and sediment transport processes. Wave
action suspends sediments and generates currents that transport the sedimentsin adirection
parallel to the coastline. When the current traverses a deeper area associated with theinlet to a
bay or estuary, the wave action may cease due to the greater water depths, resulting in sediment
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deposition. If the erosive forces of tidal currents, river inflows, and wave action are less than the
deposition rates, a bar or spit will form parallel to the general coastline, eventually cutting off the
entrance and forming alake or lagoon. Marine coastal lakes commonly form in old drowned
estuaries inundated by rising water levels or land subsidence (Hutchinson 1957, Wetzel 1983). A
following period of dightly lowering sealevel or the accumulation of sand hills over the
blockage increases the width and stability of the blockage and the permanence of the lake
(Hutchinson 1957). Coastal lakes may aso form when two sand bars or tombol os form between
the coast and an adjacent island.

The same littoral sedimentation processes that produce coastal lakes also operateinland in large
lakes, producing shoreline lakes when a bar is deposited across a bay or river valey of alarger
lake. In some cases, alake may be split into two lakes by spits that approach each other from
opposite shores due to current patterns related to lake morphometry (Hutchinson 1957, Wetzel
1983).

4.4.13 Organic Accumulation Processes

Severa organic accumulation processes can result in the formation of lake basins. This includes:
1) damming by plant growth and organic detritus at the outlet of shallow depressions, 2)
precipitation of large amounts of calcium carbonate from cal careous waters by the
photosynthetic activity of attached blue-green algae and other plants, 3) and coral growth
forming arim around a basin in atolls (Hutchinson 1957, Wetzel 1983). These mechanisms are
not important in California, Nevada, and Arizona.

4.4.14 Meteorite Impact

A relatively rare mechanism for the formation of lakes is the depression formed by the impact of
ameteorite striking the earth. The force and energy of the impact creates tremendous pressure,
heat, and shock waves. The intense heating expands water vapor and other gasesin the rocks,
producing an explosion and crater much larger than the size of the meteorite (Hutchinson 1957).
This crater may then later become filled with water. Meteorite impacts are relatively rare events,
and lakes of thisorigin are not important in California, Nevada, and Arizona.

4.4.15 Reservoirs

Reservoirs built by constructing adam in ariver valey or asmaller stream channel has produced
many artificial lakesin California, Nevada, and Arizona. The larger lakes are typically built for
water supply, hydropower generation, and flood control, while some of the smaller |akes have
been built for recreation, aesthetics, and irrigation. In some lakes, dams have been built to
enlarge existing lakes that were originally formed from natural processes. In some areas of the
country, beaver dams have created relatively large and long-lived lakes that have become more
permanent by sediment deposited over the dams (Hutchinson 1957). Other activities, such as
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excavation to extract mineral resources, and the construction of farm ponds for irrigation, have
also resulted in artificial lakes.

Reservoirs and other artificial lakes constructed by man are young compared to most natural
lakes. Asaresult, their shorelines are unmodified and follow the contours of the surrounding
landscape. In many aress, this resultsin very irregular dendritic shorelines. Reservoir
impoundments typically inundate terrestrial areas, providing nutrients and habitat from the
drowned terrestrial vegetation during the early life of the lake. Most reservoirs are also relatively
short-lived because of the large sediment loads carried by the dammed rivers.

4.4.16 Availability of Lake Origin Information

Although information on the origin of lakes will be available for reservoirs and many of the well-
studied lakes, it will not be available for al lakes. Interpretation of the landscape and geology by
aqualified geologist will be necessary to infer the origin for many of the unclassified lakes. This
is not always straightforward, and different investigators may reach different conclusions
concerning the origin. In some areas, knowledge of the origins of another lake in the same
general region may be used to estimate the origin of other nearby lakes, since geologic events
usually occur over large areas and often result in the formation of lake districts of similar origin.
If it becomes apparent that classifying lakes based on origin isimpractical because of data gaps,
then asimplified approach that groups several similar categories may be used. Severa of the
above 11 categories are not important in California, Nevada, and Arizona. The smplest
classification scheme would be to separate the lakes into reservoirs built by man and lakes
formed by natural processes. The magjor importance of lake origin isthe way in which it
influences the lake size, shape, hydrology, geology, and watershed characteristics, which in turn
affect nutrient dynamics and productivity. Since these characteristics are covered more directly
by other classification criteria, it may be more useful to use these other criteriainstead of lake
origin.

4.4.17 Age

The age of alake can affect the nutrient statusin several ways. The general evolution of most
lakesisfrom lower to higher productivity. Over time, nutrient and sediment loads accumulate in
the lakes, causing the lakes to fill in and become shallower and smaller, and causing the nutrient
concentrations to increase through increased internal 1oading from the sediments, increased
primary production, and long term nutrient accumulation.

Therates of filling and nutrient loading depend on many factors, both external and internal to the
lake. External factorsinclude: drainage area; topography; soil types and erodability; vegetation
types and coverage; nutrient contents of soil particles and pore waters; precipitation patterns and
other meteorological factors; and land use activities that contribute nutrients, disturb soils so that
they are more susceptible to erosion, or change the runoff patternsin the watershed. These
factors control the external nutrient and sediment loads to the lake, as well as the lake hydrology
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and flushing rate. Human activities in watersheds have tended to increase the rates of both
nutrient and sediment loading. The major nutrient sources include the use of fertilizers and
detergents, agriculture, septic systems, and wastewater disposal. Land disturbance through
agriculture and construction activities increases erosion and lake sedimentation rates. Land
development increases the impervious areas of the watershed, which increases both surface
runoff and stream flows. This leads to increased sediment and nutrient loads from the land
surface, aswell asincreased loads from stream channel erosion.

The internal factors that influence the rates of lake filling and nutrient loading include the size
and depth of the lake relative to the external loads, the level of primary production, the extent of
the littoral zone, sediment nutrient contents and regeneration rates, and the extent of macrophyte
coverage. Increased primary production increases the sedimentation flux of organic material.
This increases the nutrient contents of the sediments, and therefore the rate of nutrient recycling
from sediments, as well astherate at which the lakefillsin. Asthelake fillsin, more areas
become shallow, increasing the extent of the littoral zone, and increasing the potential
macrophyte habitat. Littoral vegetation and macrophytes are efficient at extracting nutrients from
the sediments and releasing them to the water column through decomposition and metabolic
processes. Thisincreases the internal nutrient loading to the lake waters, which in turn increases
phytoplankton production in the pelagic zone. The increased organic loads from these plants
increases the bacterial metabolism in the lake, which further increases the rates of nutrient
regeneration and the production of inorganic nutrients for photosynthesis. Eventually, the lake
may become so shallow that it is dominated by the littoral zone. Littoral vegetation and dense
macrophyte beds tend to trap sediments that flow into the lake, thereby increasing the rate at
which the lake fillsin. Most of these changes occur gradually over long time periods, but they
are often accelerated by human influences in the watershed.

In addition to the gradual filling and increased production and nutrient levels that occur as most
lakes age, there are also some short-term changes that occur in reservoirs during the first several
years after they are impounded. Terrestrial vegetation and soils are typically inundated during the
construction of areservoir. Decomposition of the terrestrial organic matter in the vegetation and
soils can provide amajor source of nutrientsin the early life of the reservoir. Productivity and
nutrient levels may drop after much of this material is decomposed and the |ake reaches a new
equilibrium with respect to the external and internal nutrient loading regimes.

Information on the age of alake will probably be hard to obtain, except for reservoirs and lakes
that have been constructed by man. Some information will be available from lakes that have been
well studied. Lake age can be determined using one of several sediment dating techniques. Most
methods involve measuring radioisotope contents at the bottom of deep sediment cores.
Radioactive carbon-14 (14C) measurements are the most useful technique for determining the
age of older lakes. This approach alows age determinations up to about 40,000 years, but is
limited for measuring relatively recent sediment. Recent sediments can be dated using lead-210
(210Pb), which because of its shorter half-life, is useful for age determinations up to about 150
years (Wetzel 1983). Cesium-137 (137Cs) can also be used to age sediments deposited in the last
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45 years, but lakes that young should have easily available historical records and are most likely
constructed by man.

In addition to the radioisotope dating techniques, some lake sediments have distinct alternating
dark and light layers that represent seasonal variations in the composition of suspended matter
that settles to the bottom. If one dark and light layer accumulates over a year, the pair is called a
varve, and they can be used to date sediments in the same way as counting tree rings.

4.4.18 Dam Operation

Reservoirs can be categorized by several features of their dam and outlet operation that influence
the hydrology and water quality in the lake. These include the dam height; whether the lake has a
surface, deep, or multiple outlet structure; the depths of the outlets; the release volumes; and the
seasonality of releases. The dam height is directly related to the depth of the lake, since the
deepest portions of most reservoirs are just upstream of the dam where the river valley was
impounded. The positions and depths of the outlet structures determine whether water will be
drawn from the epilimnion or the hypolimnion, or from both. The volumes of release determine
the hydrologic impacts of the releases, the amounts of nutrients and al gae that will be flushed
from the lake, and how far the lake surface will fluctuate. The latter factor has a major impact on
littoral zone processes. The seasonality of the rel eases determines whether releases occur during
the stratified season, the mixed season, or both.

All of the above characteristics of the dam and outlet operation have a mgor influence on the
stratification pattern in the lake, aswell as on the removal of nutrients and plankton in the water
column. Deep outlets during the stratified season remove nutrient rich and oxygen deficient
bottom waters, while surface or shallow outlets remove phytoplankton and lower levels of
nutrients. The withdrawal depths and volumes influence the depth of the thermocline, whichin
turn influences the lake metabolism and productivity.

Information on the dam and outlet configuration and operating characteristics should be available
from the utility or agency responsible for constructing and operating the reservoir.

4.4.19 Fish Community

Fish community characteristics can be used to categorize lakes since fish are typically the most
sensitive and important organisms that must be protected from lake eutrophication problems.
Fish can be categorized by whether there isawarm or cold water fishery, the particular types of
fish that are present, and the relative abundances of the various fish types. However, fish
communities are greatly influenced by the nutrient and phytoplankton concentrations in lakes,
and may be considered more as response variables than primary criteriafor classifying the
nutrient status of lakes. Fish abundance increases with the overall productivity of the lake, which
depends directly on nutrient and phytoplankton concentrations. In moderately productive
stratified lakes, low dissolved oxygen levels typically develop in the hypolimnion during the
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summer months. This may restrict the lake to warm water fisheries, since the cooler
hypolimnetic waters are not suitable for fish survival. Cold water fisheries can generally exist
only in relatively unproductive lakes with low or moderate nutrient levels.

Fisheries information will probably only be available for well-studied lakes or |akes that are
monitored by resource agencies or utilities. Relative information on fish catch can be obtained
from creel censuses. Direct measurement of fish populations is much more difficult and
expensive.

4.4.20 Other Biological Characteristics

The growing season is a measure of the potentia productivity of an ecosystem since it captures
aspects of both light intensity and temperature that are critical to primary productivity. The
longer the growing season, the higher the phytoplankton, attached al gae, and macrophyte
densities that can be sustained, which in turn supports greater invertebrate and fish popul ations.
Theincreasesin general productivity influences nutrient cycling processes, as well as controlling
the amount of excessive plant growth that occurs.

Growing season is defined based on terrestrial climatic conditions rather than conditionsin the
water body, so information isreadily available. It istypically defined by the number of days per
year exceeding a particular temperature. Although it does not include measures of solar radiation
or light intensity directly, it includes them indirectly since solar radiation determines the air
temperatures and the seasonal climatic cycles. Air temperature varies with both latitude and
elevation. Therefore, alake at a higher elevation will have a shorter growing season than alake
at the same latitude with alower elevation. Growing season may be defined as the number of
frost-free days per year, or the period in which the daily average temperature is above some
threshold, such as 10 oC. Growing season can be easily determined from climatic data
summaries available from the National Westher Service or various local sources. Corrections can
be made to adjust for elevation changes for high elevation lakes remote from alocal weather
station.

4.5 RECOMMENDATIONS FOR SELECTION OF KEY LAKE CLASSIFICATION PARAMETERS

Although many of the above classification parameters could be used to divide lakes into different
categories with respect to nutrient response, the focus should be on afew key parameters that
have the most direct universal influence. These parameters should also be relatively independent
from influence by other factors, and should be widely available or relatively easy to obtain. The
three major factors that determine the nutrient status of |akes are the watershed |oading
characteristics, the lake size, and the hydraulic characteristics of the lake.

The watershed |oading characteristics determine the external nutrient loads to the lake. This
depends on the size of the watershed, the land uses and vegetation cover, the topography and soil
characteristics, and the climate. All of these factors except the watershed size are generally
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incorporated into the ecoregional classifications. Therefore, the ecoregional classification can be
used to distinguish between different land covers, topographies, soil characteristics, and climates.
This leaves watershed areais the additional key parameter that should be added to characterize
watershed influences. If an additional watershed parameter is desirable, it should probably be
dominant land use (or vegetation cover).

The lake size is the most important factor influencing the nutrient response of the lake itself. The
lake mean depth is clearly the most important independent variable, since it determines whether
the lake will stratify, whether littoral communities and macrophytes will be dominant, the
relative influences of primary production and sediment nutrient rel eases on the rest of the water
column, and whether hypolimnetic anoxiais possible. However, an additional variable is aso
desirable to relate the size of the lake to the size of the watershed. The ratio of the watershed area
to lake volume should be used as an additional size classification parameter for this purpose.
This combined parameter would eliminate the need for the separate watershed area parameter
described above.

The lake hydrology is best characterized by the residence time. Residence time determines the
nutrient and phytoplankton flushing rates, and determines the amount of time available for
nutrient sedimentation from the water column. Residence time integrates both flow and lake size
information into a single parameter.

Beyond these key parameters, other parameters such as some measure of stratification (e.g.,
stratified depth to mean depth ratio) or water quality may also be useful. For example, non-algal
turbidity is useful for separating lakes with high nutrients but low productivities. Some measure
of the background constituent loads from the watershed, for example TDS, conductivity,
alkalinity, or hardness, could also be useful. The most appropriate parameter from this group
would be the one with the most compl ete data set.

Some of the other potential classification parameters are not recommended because they can be
confounded by several interacting factors, or because the information will be difficult to obtain
for many lakes. For example, lake origin, lake age, and fish community information is not
available for many lakes. (Lake origin influences the size, shape, and hydrology of the lake, as
well as the geologic characteristics of the watershed.) However, these factors can interact in
many ways, and are better served by using these factors directly as classification parameters
rather than using lake origin.
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5.0 CAUSAL AND RESPONSE PARAMETERS CONSIDERED FOR
NUTRIENT CRITERIA DEVELOPMENT

Quantifying whether a waterbody is over enriched with respect to nutrients is not atask that can
be easily accomplished in asimple and direct manner. Because of this, easily quantified
measures (parameters) are employed and used asindicators. These indicators include chemical,
physical, and biological parameters that can be directly (ideally) or indirectly (as lines of
evidence) linked to the effects of nutrient over enrichment. In general, there are four major
characteristics to consider in assessing habitat measures as environmental indicators:

* Theindicator must be relevant to the environmental/biotic endpoint.

» Theindicator must be applicable to the waterbody in which it is used.

* Theindicator must be responsive to human-caused stressors.

* Theindicator must exhibit adequate measurement reliability and precision.

This section presents alist and discussion of parameters that can be used either directly, or
indirectly to assess the impacts of nutrient over enrichment in lakes/reservoirs and rivers/streams.
The effectiveness and availability of each parameter will be discussed and alist of recommended
parameters presented.

Most of the parameters can and are used to assess both lentic (lakes/reservoirs) and lotic
(rivers/streams) systems and, as such, there will not be a separate discussion for lentic and lotic
parameters. Some parameters however, are exclusive to a specific waterbody type. These
parameters will be identified and discussed separately.

51 KEY LIMITING NUTRIENTS

Phosphorus and nitrogen are the key nutrients that control primary productivity in most water
bodies. Therefore, nutrient standards generally focus on these two constituents. The limiting
nutrient in a particular water body is the nutrient that is present in the lowest level relative to the
cellular needs of the algae. Based on the Redfield ratio, nitrogen requirements are about 7.2
times the phosphorus requirements on aweight basis. Therefore, if total nitrogen in the water is
more than 7 times the total phosphorus, then phosphorus will be in low supply and limit algal
growth. If the nitrogen is less than 7 times the phosphorus, then nitrogen will be limiting.
However, the actual nutrient stoichiometry of algae varies somewhat between species, and more
importantly with nutrient supply due to processes such as luxury consumption, which isthe
excess uptake and storage of nutrients when they are abundant to provide atemporary cellular
supply for later deficiencies.

Asageneral rule, lakes tend to be phosphorus limited more often than nitrogen limited, so
nutrient criteria to manage lakes often focus on phosphorus alone. However, many lakes are
nitrogen limited, and many lakes are approximately balanced with Nitrogen-to-Phosphorus ratios
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closeto 7. In addition, the N/P ratio often varies seasonally due to variations in external loads,
internal loads from the sediments, and other internal biogeochemical cycling processes within
the lake that deplete or augment one nutrient relative to the other (e.g., phosphorus
coprecipitation and adsorption on calcium carbonate, nitrogen fixation from the atmosphere by
blue-green algae). Therefore, the limiting nutrient may change seasonally throughout the year, or
from one year to another.

Nitrogen, however, may have more importance as alimiting e ement of biomass in streams than
in lakes. Lohman et al. (1991) reported low NOs-N causing nitrogen limitation at 16 sitesin 10
Ozark Mountain streams and cited sources for nitrogen limitation in northern California and the
Pacific Northwest. Nitrogen was clearly the limiting nutrient in the upper Spokane River,
Washington (Welch et al. 1989). Chessman et al. (1992) observed nitrogen to limit more than
phosphorus in Australian streams. In streams and rivers of the eastern U.S., phosphorus can be a
limiting factor in algal and macrophyte growth, and has been observed with greater frequency
than nitrogen limitation (Newbold et al. 1983, Sharpley et al. 1994).

Other potentially limiting nutrients include carbon, silicon, and various micronutrients. Carbon
dioxide continually exchanges between the surface water and the atmosphere, so free carbon
dioxide is generally abundant for algal growth and is therefore rarely considered to be alimiting
nutrient. However, in very hard-water lakes and rivers with high pH values, the carbonate system
equilibriamay shift so that little of the abundant dissolved inorganic carbon is present as free
carbon dioxide. Silicon isimportant as a limiting nutrient for diatoms. Although diatoms are an
important component of the algal community in many lakes, and in rivers as either sestonic (in
slow-moving pools) or as attached as mats, other types of algae can thrive when silicon depletion
limits diatoms. Many trace elements and other compounds such as vitamins are also critical for
algal growth. However, these are needed only in trace amounts, and they are not generally
measured in monitoring programs, so they are not considered to be important for setting nutrient
standards.

Although only dissolved inorganic nutrients are generally available for algal growth, most lake
nutrient criteria are based on total phosphorus and total nitrogen. Thisis because during periods
of high productivity, dissolved nutrients such as phosphorus and nitrogen are often depleted or
present at very low concentrations due to rapid algal uptake. The nutrient concentrations can
drop rapidly to very low values, even though algal densities are extremely high, and remain low
for severa months until the lake mixesin the fall. The total nutrient concentrations include both
dissolved nutrients and nutrients bound in plankton and organic detritus. Therefore, they are
more representative of the total nutrient pools available to support algal growth.

Dodds, et al. (1997) found a poor relationship between dissolved nutrients and periphyton
biomass in streams. They found total nitrogen and phosphorus to be more related to stream
biomass.

5.1.1 Phosphorus Cycle in Lakes

Phosphorus is the key variable most commonly used to characterize the trophic status of lakes.
Phosphorus is present in both dissolved and particulate forms. The particul ate forms include
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organic phosphorus incorporated in living plankton, organic phosphorus in dead organic matter,
inorganic mineral phosphorus in suspended sediments, phosphate adsorbed to inorganic particles
and colloids such as clays and precipitated carbonates and hydroxides, phosphate adsorbed to
organic particles and colloids, and phosphate coprecipitated with chemicals such asiron and
calcium. The dissolved forms include dissolved organic phosphorus (DOP), orthophosphate, and
polyphosphates. The organic forms of phosphorus can be separated into two functional fractions.
The labile fraction cycles rapidly, with particul ate organic phosphorus quickly being converted
to soluble low-molecular-weight compounds. The refractory fraction of the colloidal and
dissolved organic phosphorus cycles more slowly, regenerating orthophosphate at a much lower
rate. Figure 5-1 illustrates the phosphorus cycle.

Figure 5-1. Phosphorus Cycle in Aquatic Ecosystems

POP

labile & refractory

Sediment POP

labile & refractory

Dissolved phosphorus may be reported as total dissolved phosphorus, total phosphate,
orthophosphate, and dissolved organic phosphorus (DOP). Care must be taken in interpreting
monitoring data to determine if areported total phosphorus value represents both dissolved and
particul ate forms (unfiltered sample), or only total dissolved forms (filtered sample). Confusion
isalso common in interpreting phosphate data, since it may not be clear if it represents only
orthophosphate, or orthophosphate plus polyphosphates. The latter should be reported as total
dissolved phosphates.

Dissolved orthophosphate, sometimes reported as soluble reactive phosphorus, is the only form
that is generally considered to be available for algal and plant uptake. Although thisisthe
primary bioavailable form, total phosphorus, including all dissolved and particulate forms, isa
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better determinant of 1ake productivity. Thisis because most of the phosphorusistied upin
plankton and organic particles during periods of high productivity. Often more than 95% of the
total phosphorus isincorporated in organisms, especially agae (Wetzel, 1983). Any
orthophosphate rel eased by excretions, decomposition of organic matter, and mineralization of
dissolved organic phosphorus isimmediately taken up by phytoplankton. Phosphorus uptake and
turnover rates are extremely fast, on the order of 5 to 100 minutes, during summer periods of
high productivity (Wetzel, 1983). Therefore, the dissolved orthophosphate concentrationsin the
water column are often very low in highly productive systems. Phosphorus uptake and turnover
rates are much slower during the winter due to the colder temperatures and lower light
intensities. Uptake rates and optimum phosphate concentrations for growth vary among agal
species, so seasonal changes in phosphate influence the structure and seasonal succession of
phytoplankton communities.

Phosphorus concentrations and distributions between phosphorus forms vary both spatially and
seasonally and can change rapidly due to both biogeochemical cycling processes and seasonal
variations in phosphorus loading. The mgjor cycling processes include algal and plant
assimilation of orthophosphate, decomposition of organic detritus, mineralization of DOP, DOP
and phosphate excretions by aquatic organisms, phosphate adsorption/desorption to suspended
particulates and sediments, coprecipitation of phosphate, sediment rel ease, macrophyte release,
and sedimentation of plankton and other particul ate forms of phosphorus. The external 1oad
sources include inflowing rivers and streams, direct runoff from the surrounding watershed,
groundwater inflows, atmospheric deposition, and waste discharges. The phosphorus loads from
the watershed depend on the phosphorus contents of the soils and parent rock material,
vegetation characteristics including surface detritus and organic content of the soils, the amounts
of animal wastes present, and human activities in the watershed such as fertilization and
detergent use.

In oligotrophic lakes, both total and dissolved phosphorus often show little variation with depth.
However, in more nutrient enriched lakes, total phosphorus concentrations are typically much
higher in the hypolimnion than in the epilimnion, particularly near the lake bottom. Thisis due to
the absence of algal uptake in the hypolimnion, decomposition of settled organic material,
phosphorus release from the sediments, and stratification preventing the mixing of the bottom
waters with the productive surface waters. Anaerobic conditions or very low oxygen levels
commonly develop in the hypolimnions of nutrient enriched lakes. This destroys the oxidized
microzone in the top few millimeters of the sediments that is normally present when the
overlying waters are oxygenated. Sediments are anaerobic and highly reduced below the
oxidized microzone due to bacterial metabolism associated with the decomposition of settled
organic material. The oxidized microzone acts as a barrier to phosphorus rel ease from the
sediments. Sediment phosphate and iron are solubilized under reducing conditions, which makes
them available for diffusion and release to the water column. However, under aerobic conditions,
oxidation converts soluble ferrousiron to insoluble ferric iron, which in turn coprecipitates
phosphate as ferric phosphate. This coprecipitation in the oxidized microzone prevents much of
the phosphorus released from organic decomposition in the sediments from migrating upward to
the water column. When the hypolimnetic oxygen in the bottom watersis less than about 1 mg/I,
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the oxidized microzone disappears and sediment phosphorus release becomes high, resulting in
the accumulation of high phosphate concentrations in the hypolimnion.

The reverse pattern occursin the epilimnion. High algal productivity during the spring and
summer removes bioavailable phosphate and incorporatesit into algal cells. The algal cells
continually settle, transporting the phosphorus to the hypolimnion and sediments. Phosphate
often drops to neglible concentrations throughout the summer, particularly if phosphorusis
limiting and the lake is productive. The algae immediately take up any orthophosphate generated
through biogeochemical cycling processes. When the lake destratifies in the fall, phosphate and
total phosphorus in the epilimnion increase suddenly due to mixing with the phosphorusrich
hypolimnetic waters. However, mixing also eliminates the low dissolved oxygen levels from the
former hypolimnion. Thisresultsin the rapid oxidation of ferrousiron and the coprecipitation of
ferric phosphate, removing some of the phosphate from the water column to the sediments. In
addition, the oxidized microzone reforms in the sediments, slowing sediment phosphorus release.
Phosphorus concentrations typically have little vertical variation due to mixing during the
destratified season, except perhaps for elevated phosphorus near the bottom from sediment
release or resuspension. When stratification develops again in the following spring, the cycle
repeats with low phosphate and high algal concentrations developing in the epilimnion, and high
phosphorus concentrations devel oping in the hypolimnion.

In shallow unstratified lakes, vertical variations in phosphorus may not develop, except for
higher concentrations at the bottom from sediment release. The seasonal phosphorus patterns are
often similar to the epilimnions of stratified lakes, with low phosphate levels and high algal and
particul ate phosphorus level s devel oping during the summer growing season. However,
macrophytes are often abundant in shallow lakes where light penetrates close to the bottom.
Rooted macrophytes can obtain a significant portion of their phosphorus requirements from the
sediments, and can inhibit phytoplankton growth by shading and competition for light. Since
dissolved phosphorusis continually regenerated by the decomposition of sloughing plant
fragments and since shading may impede phytoplankton uptake, phosphate depletion may not
occur during the summer as it would in phytoplankton dominated lakes. However, epiphytic
algae on macrophyte leaves can also remove phosphate from the water column, even if
phytoplankton populations are low due to shading. Macrophyte sloughing commonly occurs
throughout the growing season, with amajor pulse occurring in fall when the plants senesce.
Phosphorus levels may jump abruptly following senescence if the macrophyte densities are
substantial. Macrophyte effects can also be important in stratified lakes that are relatively
shallow, and in the littoral areas of deeper lakes.

Since the bottom area to water volumerratio is high in shallow lakes, sediment release can be a
major source of internal phosphorus loading, even if macrophytes are absent. Shallow lakes often
have larger phosphorus levels than deep | akes in the same region since internal loads from the
sediments can be a substantial portion of the total loads in shallow lakes. Sediment loading can
be particularly high if the lake has a shallow anaerobic hypolimnion that eliminates the oxidized
microzone at the sediment-water interface, or if turbulence produced by wind waves or boat
traffic disturbs or resuspends sediments. High release rates can also be created through
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bioturbation effects if benthic invertebrate activity is high. Internal phosphorus loading from
sediments or macrophytes can slow lake restoration progress for many years after external loads
from the watershed or waste discharges are reduced. The sediments will continue to store large
nutrient pools accumulated from decades of previous loading activities. These nutrients will
continue to cycle back to the water column until they are eventually buried into the deeper
inactive sediments through accumulation of cleaner sediments. Thisistrue in both shallow and
deep lakes, but is more pronounced in shallow lakes since the water volume is small relative to
the sediment area.

The temporal dynamics of the phosphorus cycle make it more appropriate to use total
phosphorus, rather than orthophosphate or some other form, in establishing nutrient criteria that
reflect the trophic status of alake. Orthophosphate istypically very low and sometimes
immeasurable during the peak growing season of highly productive lakes. The orthophosphate
concentration is more useful for determining phosphorus limitation of algal growth than for
assessing productivity.

Total phosphorus can range from <5 ug/l in very unproductive lakes to >100 ug/l in very
eutrophic lakes, although the usual range is between 10 and 50 ug/l in uncontaminated systems
(Wetzdl, 1983). Typical total phosphorus concentrations for different trophic categories are 8
ug/l in oligotrophic lakes, 27 ug/l in mesotrophic lakes, and 84 ug/l in eutrophic lakes
(Vollenweider, 1979; Wetzel, 1983). The 1986 EPA Water Quality Criteriarecommend a
maximum phaosphorus concentration of 25 ug/l in lakes to prevent eutrophication problems, and
maximum concentrations of 50 ug/l in streams that enter lakes. Although inflow phosphorus
concentrations drop in lakes due to phytoplankton uptake and settling, they may not drop 50
percent unless the residence isvery long. Thisis particularly trueif internal loads from sediments
and macrophytes are important. Therefore, the 50 ug/l recommendation for inflowing streams
may not adequately protect lakes.

5.1.2 Phosphorus Cycle in Streams

The dynamics of nutrient limitation in lotic environments is not as straight forward as that for
lake environments. Unlike pelagic lake environments where phosphorus is often bound and
tightly cycled within the biota, lotic environments are open and therefore continually receive
phosphorus from upstream, groundwater, or runoff. Current also helps reduce limitation by
reducing diffusion barriers. Under natural conditions, much of the phosphorus delivered to
streamsis bound in organic forms (e.g., in leaves, woody debris, invertebrates, etc.) and isthen
transferred between and among the different trophic levels within the lotic ecosystem. Therole
of macroinvertebrates in this transformation process is very important. Ward (1989) states that
invertebrates may act as temporal mediators; their feeding activities result in a more constant
supply of detritus to downstream communities by reducing the buildup of benthic detritus below
levels subject to episodic transport during spates.
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When anthropogenic sources of phosphorus are delivered to a stream, the ratio of dissolved
phosphorus immediately available to algae may be high relative to particulate forms of
phosphorus such as those attached to soil particles (Robinson et a. 1992).

Total phosphorus consists of both dissolved phosphorus, which is mostly ortho-phosphate, and
particul ate phosphorus, including both inorganic and organic forms (Sharpely, et a., 1994).
Runoff from conventiona tillage is generally dominated by particulate phosphorus; however, the
proportion of total phosphorus as dissolved phosphorus increases where erosion is comparatively
low such as with no-till fields or pasture (Sharpely, et al. 1994). Streams with low gradients and
amorphology that enhances deposition of sediments as occurs in a channelized stream may
continually release dissolved phosphorus from sediments much in the same manner as observed
in lentic ecosystems. Nutrient recycling occurs during downstream transport and has been termed
“nutrient spiraling” (Newbold, et al., 1983).

Relationship to Beneficial Uses

Phosphorus is an essential nutrient for plant growth. However, an increase in plant-available
phosphorus may not necessarily increase primary productivity, as other factors (e.g., light and
substrate) may be limiting (Scrivener, 1988). In small forest streams, light is often the limiting
factor, while larger streams tend to be light saturated and nutrient limited.

In aguatic ecosystems, phosphorus is usually the limiting nutrient (Mohaupt, 1986). A survey of
streams in Washington indicated that phosphorus was more likely to limit primary productivity
in glacia streams and in streams draining grainitic watersheds, while nitrogen was more often
limiting in streams draining volcanic landforms (Thut and Haydu, 1971). An increase in primary
productivity usually leads to an increase in secondary productivity.

The desirability of increased biotic production is highly dependent upon local and downstream
beneficia uses. For many headwater streams, asmall or moderate increase in primary
productivity might be desirable and be considered beneficial asit would likely result in increased
fish production. However, if plant respiration begins to deplete dissolved oxygen or resultsin an
increase in unsightly aquatic algae, it could be considered as an adverse effect.

Measurement

Methods for measuring the concentrations of the different phosphorus compoundsin water are
well known and performed by severa accredited |aboratories around the US. An important step
isto determine which phosphorus species are of most interest and to identify the measurement
technique most important to those species. Basically, there are three ‘phases’ of nutrients that can
be measured (1) soluble (soluble reactive phosphorus [SRP]); (2) total (total P); and (3) mat
nutrients (total phosphorus in the algal mat normalized to ash-free dry mass). The advantages
and disadvantages of each are discussed below as presented by Biggs (2000). Note that CV
stands for coefficient of variability.

Soluble

Advantages. A relatively direct measure of the bioavailable form of phosphorus and therefore
mechanistically sound. Point source effluent effects can be assessed directly. Temporal
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variability is moderate to low relative to other nutrients (e.g., CV ~20-110% for SRP; Biggs and
Close, 1989; Biggs 1995). Analyses are relatively quick and cheap. Data are generally readily
available.

Disadvantages. Single measurementsin time are poor indicators of nutrient supply regime
because of the effects of biotic uptake and remineralization (Jones, et a., 1984; Dodds 1993;
Biggs, 1995). The contribution of subsurface springs/seepsis difficult to account for. About a
year of monthly measurementsis best to obtain areliable estimate of mean supply
concentrations. Nutrients bound to organic matter might become available if the organic matter is
deposited in quiescent areas, and therefore the projected dissolved nutrient supply could
underestimate the actual supply. Low levels of detection are required for analysis.

Total Nutrients

Advantages. Incorporates all forms of the nutrient (dissolved and those bound to both organic
and inorganic particulates), and thus yields a measure of the overall, potential, nutrient supply.
Nutrients from subsurface inflows and groundwater are broadly incorporated in the measure.
Total measurements are widely used variable in lake eutrophication management so this variable
might be useful for comparing lentic versus lotic enrichment processes (Dodds et al 1998).

Disadvantages. Correlated with chlorophyll in the water column (Jones et a. 1984). Thus, a
proportion of particulate nutrients in streams is probably derived from suspended algae, creating
potential for circular reasoning in its application. Therefore the approach requires the following
assumptions: that particulates and algae will eventually settle in quiescent areas; a proportion of
the nutrients in these deposited particulates and algae will become available to benthic algae; and
the proportion of bioavailable nutrients will be similar among streams and overtime, regardless
of differencesin the type of particulates (organic versusinorganic). Analyses require adigestion
step, which makes processing more expensive. Frequent monitoring is required to get good
estimates of mean concentrations (weekly for a year) because of moderate-high temporal
variability (CV ~30-500% for total phosphorus) (Biggs and Close 1989).

Mat Nutrients

Advantages. A direct measure of nutrient status of the algae and can be related to specific
growth rates through mechanistic models such as the Droop model (Auer and Canale 1982).
Integrates the history of nutrient supply, including mineralized nutrients from deposited organics
and subsurface supply from seeps and groundwater.

Disadvantages. It isdifficult to relate back to supply concentrations of dissolved or total
nutrients (therefore, it is difficult to use as abasis for managing nutrient loadings). The results
are likely to be biased to varying degrees by the amount and type of non-algal particul ates
deposited in the mat. The influence of particulates will increase as the algal biomass:particul ates
mass ratio decreases. Analysis requires a digestion step and a measurement of organic biomass,
which increases costs. Moderate temporal variability, so moderate-high sampling frequency is
required (CV of mat % phosphorus commonly ~90-200%) (Biggs 1995).
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5.1.3 Data Availability
Data for SRP and total phosphorus are readily available.

5.1.4 Recommendation
Establish criteria for total phosphorus.

5.2 NITROGEN

Nitrogen occurs in numerous dissolved and particulate forms. The particulate forms include
organic nitrogen incorporated in living plankton, organic nitrogen in dead organic matter, and
ammonia adsorbed to inorganic particles and colloids. The dissolved forms include dissolved
organic nitrogen, ammonia, nitrite, nitrate, and dissolved molecular nitrogen gas (N>). The
organic forms of nitrogen include many compounds such as amino acids, ammines, nucleotides,
proteins, and humic compounds (Wetzel, 1983). The nitrogen cycle isillustrated in Figure 5-2.

Figure 5-2. Nitrogen Cycle in Aquatic Ecosystems

- PON
T labile & refractory

Sediment PON

labile & refractory

Dissolved nitrogen may be reported as total dissolved nitrogen, total nitrogen, ammonia, nitrite,
nitrate, nitrate plus nitrite, total Kjeldahl nitrogen (TKN), and dissolved organic nitrogen. TKN
represents organic nitrogen plus ammonia nitrogen. Care must be taken in interpreting
monitoring data to determine if areported total nitrogen or TKN value represents both dissolved
and particulate forms (unfiltered sample), or only dissolved forms (filtered sample).
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Nitrogen concentrations and distributions between nitrogen forms vary both spatialy and
seasonally and can change rapidly due to both biogeochemical cycling processes and seasonal
variations in nitrogen loading. The mgor cycling processesinclude algal and plant assimilation
of nitrate and ammonia, decomposition of organic detritus, deamination and ammonification,
nitrification, denitrification, nitrogen fixation by blue-green algae and bacteria, DON and
ammonia excretions by aquatic organisms, ammonia adsorption/desorption to suspended
inorganic particul ates and sediments, sediment decomposition and release, macrophyte
decomposition and release, sedimentation of plankton and other particulate forms of nitrogen,
and gaseous exchange with the atmosphere.

Nitrate and ammonia, the major dissolved inorganic forms of nitrogen, are the only forms that
are available for agal and plant uptake. Most algae preferentially uptake ammonia over nitrate
since more energy must be expended to reduce nitrate to ammonia before it can be biologically
assimilated. Therefore, uptake and photosynthesis rates are higher for ammoniathan nitrate at
the same concentrations. However, very high ammonia concentrations can have atoxic effect
and inhibit photosynthetic uptake, particularly at high pH. Under these conditions, nitrate uptake
rates may exceed ammonia uptake rates.

The main source of ammoniain lakes and rivers is the decomposition of organic matter (proteins,
other organic compounds) by heterotrophic bacteria. Aquatic animals also excrete ammonia, but
this source is small relative to decomposition. Intermediate dissolved organic nitrogen
compounds are al so released, but they do not accumulate to high level s because deamination and
ammonification by bacteriais rapid (Wetzel, 1983). However, some of the dissolved organic
nitrogen compounds are more resistant to bacterial degradation than others.

Nitrate and nitrite are generated through nitrification of ammonia. In aerobic waters, bacterial
nitrification oxidizes ammoniato nitrate in a two-stage reaction in which ammoniais first
oxidized to nitrite, and then nitrite is oxidized to nitrate. Nitrite oxidation is very fast, so nitrite
levelsin lakes and rivers are usually very low unless the waterbody is very nutrient enriched.
Nitrate is the dominant oxidized form in lakes and rivers. Highest nitrite concentrations are
typically found in areas where there is a transition from aerobic to anaerobic conditions, such as
the metalimnion or upper hypolimnion of lakes, or the sediment interstitial waters near the lower
boundary of the oxidized microzone. These represent areas that have low enough oxygen levels
to slow down the nitrification reactions, but still high enough to prevent significant
denitrification reactions. In addition to nitrification as a nitrate source, nitrate is also often the
dominant dissolved nitrogen form in external loads from surface waters, groundwater, and the
atmosphere. The riparian zone of streams plays a very important role in the nitrogen cycle as
both aerobic and anaerobic conditions are usually present. Green and Kauffmann (1989) indicate
that riparian zones are important for denitrification.

In anaerobic waters and sediments, bacterial denitrification rapidly reduces nitrate and nitrite to
nitrogen gas (N>). Nitrate is used as a hydrogen acceptor during the oxidation of organic matter
under anaerobic conditions. Some of the N, produced during denitrification leaves the lake
through outgassing, and some is fixed by blue-green algae and bacteria.
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Particulate organic nitrogen in plankton and detritus is removed from the water column through
sedimentation. Bacterial activity in the sediments decomposes the particulate organic nitrogen to
rel ease dissolved organic nitrogen and ammonia. Since most of the sediments are anaerobic,
nitrification cannot occur, so ammonialevelsincrease in the sediment porewaters. Nitrification
does occur in the oxidized microzone at the top of the sediments. Any nitrate or nitrite that
diffuses into the anaerobic sediments from the water column or oxidized microzone is quickly
denitrified to N,. Ammonia sorbs to sediment particles under aerobic conditionsin the oxidized
microzone. Once the hypolimnion becomes anaerobic and the oxidized microzone disappears,
the adsorptive capacity of the sediments diminishes, and sediment release of ammoniaincreases
substantially.

Dissolved nitrogen gas (N,) enters lakes and rivers through both atmospheric exchange and
denitrification reactions. Both blue-green algae and bacteria can fix N, athough nitrogen
fixation by blue-green algae is usually greater than by bacteria. However, N, fixation requires
more energy than assimilation of ammonia or nitrate, so blue-green algae typically fix nitrogen
when ammonia and nitrate concentrations are low (Wetzel, 1983). Blue-green al gae dominate the
phytoplankton during periods when nitrate and ammonia are depleted by algal uptake because of
their ability to fix nitrogen. Nitrogen fixed by bacteria in wetlands surrounding lakes or
inflowing streams can also be a significant nitrogen source in some situations. In some cases,
certain riparian plants, such as ader, can add nitrogen to riverine ecosystems by fixing
atmospheric nitrogen.

In lakes, the seasona dynamics of the nitrogen cycle along with the effects of stratification and
dissolved oxygen profiles determine the temporal and spatial variations of the different nitrogen
formsin the water column. However, the nitrogen speciation of major external load sources, and
whether they enter the epilimnion or hypolimnion, can aso play an important role, particularly if
the external loads are high and the lake residence time islow.

Ammonia concentrations are usually low in aerobic waters because of algal assimilation and
bacterial nitrification. Minimum concentrations typically occur in the epilimnions of lakesand in
streams during the peak growing season. Higher concentrations occur lake hypolimnions, since
algal uptake is minimal and ammoniais released through decomposition of particulate organic
material in the water column and sediments. Higher ammonia concentrations can develop in
anaerobic areas such as |ake hypolimnions, deep poolsin rivers, and sediments, since
nitrification cannot occur there. In addition, the absence of an oxidized microzone maximizes
ammoniarelease from the sediments. Stratification in lakes prevents most of the ammoniafrom
reaching the productive surface waters where it could be utilized by algae. Ammonia
concentrations can increase substantially during the fall in macrophyte dominated lakes due to
the rapid decomposition of plant tissue following senescence. Ammonia concentrationsin lake
surface waters increase during the fall when stratification breaks down and hypolimnetic waters
high in ammonia mix with surface waters.

Nitrate concentrations in the epilimnions of lakes are typically lowest during the peak growing
season, and may be lower than detection limitsif nitrogen is limiting growth. Concentrations are
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usually higher in the hypolimnion as long as it remains aerobic since ammonia concentrations are
higher and algal uptake is minimal. However, under anaerobic conditions, nitrate will be absent
from the hypolimnion since any nitrate will quickly be reduced to N through denitrification.
Nitrite is generally low in both the epilimnion and hypolimnion. Both nitrification and
denitrification of nitrite are very rapid processes, which prevents nitrite accumulation under
aerobic or anaerobic conditions.

Dissolved N, gasin lakes is usually at equilibrium with N in the atmosphere during periods
when the lake iswell mixed. During stratification, the N in the epilimnion may drop due to the
reduction in solubility as the temperature rises, while the N, in the hypolimnion may increase
due to denitrification (Wetzel, 1983).

Dissolved organic nitrogen (DON) rel eased from decomposition of organic matter often
represents over half of the total dissolved nitrogen in lakes, although it may be lessin areas
where inorganic nitrogen loads are high (Wetzel, 1983). Approximately two-thirds of the DON
occurs as amino compounds, mostly polypeptides and complex nitrogen compounds, and less
than one-third occurs as free amino compounds (Wetzel, 1983). Free amino acids are very low
due to rapid uptake and decomposition by bacteria. Dissolved organic nitrogen is usually more
abundant than particulate organic nitrogen (PON), with DON/PON ratios ranging from 5to 10
(Wetzel, 1983). The DON/PON ratios decrease as |akes become more eutrophic and a greater
portion of the nitrogen pool becomestied up in agae and organic detritus. DON/PON ratios are
closer to 1 in the epilimnions of productive lakes (Wetzel, 1983). Particul ate organic nitrogen is
generaly highest during phytoplankton blooms due to algal assimilation of dissolved inorganic
nitrogen.

As with phosphorus, the external nitrogen sources to lakes and riversinclude inflowing rivers
and streams, direct runoff from the surrounding watershed, groundwater inflows, atmospheric
deposition, and waste discharges. In addition, nitrogen also enters lakes and rivers though
atmospheric exchange and nitrogen fixation. The nitrogen loads from the watershed depend on
the nitrogen contents of the soils and parent rock material, vegetation characteristics including
surface detritus and organic content of the soils, the amounts of animal wastes present, and
human activities in the watershed such as fertilization. Septic systems can also be significant
sources since organic nitrogen and ammoniain the septic fields are oxidized to nitrate, which is
highly mobile in soils. Therefore, it can enter lakes through shallow groundwater flows directly
to the lake or through stream inflows from the watershed. In contrast, phosphate tends to be
retained in soils by adsorption, so septic systems are not such a large phosphorus source unless
they are situated close to receiving waters or are not operating properly. Atmospheric deposition
isalso more significant for nitrogen than for phosphorus in most areas due to contamination by
combustion emission products.

The temporal dynamics of the nitrogen cycle make it more appropriate to use total nitrogen
(dissolved and particulate), rather than only the bioavailable forms such as anmmonia and nitrate,
in establishing nutrient criteria that reflect the trophic status of lakes and rivers. Ammonia and
nitrate are typically very low and sometimes immeasurabl e during the peak growing season of
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highly productive lakes. Ammonia and nitrate are rapidly taken up by phytoplankton, so much of
the nitrogen is bound in plankton and organic detritus. In rivers, Dodds, et al., (1997) report that
total nitrogen concentrations were more indicative of the nitrogen form that is ultimately
bioavailable for benthic algal growth (periphyton) than dissolved nitrogen.

5.2.1 Relationship to Beneficial Uses

Certain nitrogen compounds have toxic effects at relatively low aqueous concentrations. Nitrate
has been linked to methemoglobinemia (blue-baby) syndrome in human infants at concentrations
of 10 mg/l of nitrate-nitrogen (EPA, 1986). Nitrate will also react with hemoglobin, and this can
be hazardous for infants. Trout and salmon have aso been shown to be sensitive to low
concentrations of nitrate-nitrogen. Crunkilton and Johnson (unknown publication date) report
that brook trout embryos exhibited increased mortality and decreased growth when exposed to
nitrate-nitrogen concentrations as low as 6.25 mg NOs-N/I.

Un-ionized ammoniais toxic to some aguatic invertebrates and fish at concentrations aslow as
80 ppb, with chronic effects occurring at concentrations as low as 2 ppb (EPA, 1986). The
toxicity of ammoniais affected by temperature, pH, and salinity.

Nitrogen is one of the most important nutrients in aquatic ecosystems. Most of the non-toxic
effects of nitrogen result from the fact that increased inorganic nitrogen stimulates primary
productivity and ultimately can result in stimulating secondary production (invertebrates and
fish).

The desirability of increased biotic production is highly dependent upon local and downstream
beneficial uses. For many headwater streams, a small or moderate increase in primary
productivity might be desirable and be considered beneficia asit would likely result in increased
fish production. However, if plant respiration begins to deplete dissolved oxygen or resultsin an
increase in unsightly aquatic algae, it could be considered as an adverse effect.

Increased nitrogen loading in lakes is potentially much more serious than an increase in stream
nitrogen because of the potential accumulation of nutrients (Schindler, et a., 1976). Over time,
the accumulation of relatively small nitrogen inputs may stimulate algal growth to the point
where eutrophication begins and beneficial uses such as swimming and fishing become impaired.
Because of this, it may be required that criteriafor rivers and streams be set at lower
concentrations than local conditions warrant so that the beneficial uses of downstream
waterbodies are protected.

5.2.2 Measurement

Methods for measuring the concentrations of the different nitrogen compounds in water are well
known and performed by several accredited laboratories around the US. An important step isto
determine which nitrogen species are of most interest and to identify the measurement technique
most important to those species. As mentioned previously, Kjeldahl nitrogen combines both
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organic nitrogen and total ammonia. Total ammoniaincludes both the ionized (NH,") and
unionized (NHz) forms. Dissolved nitrite and nitrate are often combined, as the concentration of
nitrite in natural watersis generally small. Dissolved organic nitrogen can be obtained from the
difference between Kjeldahl nitrogen and total ammonia. Adding Kjeldahl nitrogen to dissolved
nitrite + nitrate yields total dissolved nitrogen.

Attention must also be given to the method of reporting the concentrations of the various species.
For example, a concentration of 10 mg/l of nitrate includes the weight of both the nitrogen as
well as the oxygen atoms in the nitrate molecule, while a concentration of 10 mg/| nitrate-
nitrogen refers only to the amount of elemental nitrogen present as nitrate. The difference in the
molecular weight of nitrate and nitrogen means that 10 mg/l of nitrate is only approximately 2.3
mg/l of nitrogen.

The same advantages/di sadvantages apply to the various phases of nitrogen analyses (soluble,
total, and mat) as with phosphorus.

5.2.3 Data Availability

Nitrogen data are readily available for most waterbodies. Our experience has shown us that, for
Western Forested Streams, total Kjeldahl nitrogen values were reported most frequently. In this
data set, total Kjeldahl nitrogen was reported seven times as often as total nitrogen
concentrations. Additionally, there exists avery high correlation (slope of regression line =
dightly greater than unity; n = 740 data points) between total nitrogen and total Kjeldahl
nitrogen.

5.2.4 Recommendation

Establish criteriafor total nitrogen for lakes and streams, or TKN for streamsiif thereis a strong
relationship with total nitrogen, as observed in the Ecoregion 2 rivers and streams dataset.

5.3 OTHER NUTRIENTS

5.3.1 Silicon

The earth is differentiated into the core, mantle and crust. The core is made up of the heavy
elements, iron and nickel. The mantle forms a semi-fluid layer of less dense minerals with the
composition of perovskite (Mg SiO3) and olivine (FeMgSiO,4) while the crust, made up of lower
density aluminosilicate minerals, 'floats' on the mantle. Although the Earth as awhole has alarge
iron component (35%), the composition of the crust is quite different with 28% silicon.

In order to become available for biological activity, the silicate rocks must be broken down. This
is achieved by weathering, which may be (a) mechanical (physical processes of wind or ice) or
(b) chemical (reaction with acidic and oxidizing substances). The rate of chemical weathering

Tetra Tech, Inc. Page 77



RTAG / STRTAG Nutrient Criteria White Paper

varies with the (1) physical conditions of temperature and rainfall and (2) the mineral
composition of therocks. The silicacycleisillustrated in Figure 5-3.

Figure 5-3. Silica Cycle in Aquatic Ecosystems

Chemical reactions are generally accelerated by high temperature and precipitation such that
weathering decreases from tropical forests to temperate forests to grasslands to deserts.

Igneous and metamorphic rocks contain primary silicate minerals formed under high temperature
and pressure deep in the earth. They are found in two classes--the ferromagnesian and the felsic
series--depending on the presence, respectively, of magnesium or aluminium in their crystalline
structure. Mineralsin each seriesthat are found as isolated crystal units, such as Olivine and Ca
Feldspar, are most susceptible to weathering. As amineral is weathered, if forms a second
mineral with slightly higher resistance to weathering due to increased linkages between the
crystals. Both the ferromagnesian and felsic weathering series terminate in Quartz Si,Og which
has tetrahedral crystals linked in three dimensions and is therefore very resistant to chemical
weathering. Consequently, chemical weathering during soil development leads to the loss of
other constituents and the accumulation of quartz in the sand fraction.

The dominant form of wesathering is the carbonation reaction involving carbonic acid. Plant roots
and soil microbes release CO; into the air spaces in the soil leading to elevated concentrations of
carbonic acid and increased weathering. Therefore organisms exert biotic control over the
geochemical process of rock weathering.
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An example of carbonic acid attack on silicate rock is weathering of the primary mineral Na-
feldspar to the secondary mineral kaolinite with the loss of sodium and soluble silica (silicic
acid).

2NaAlSi;Og + 2H,CO3 + 9H,0 — 2Na* + 2HCO3™ + Al,Si;Os(0OH)4 + 4H4SiO4

(The dominance of the bicarbonate anion in runoff indicates carbonation weathering.) Because
only some of the constituents are lost, thisis called incongruent dissolution and further
weathering will lead to the loss of more soluble silica. Alternatively, olivine (FeMgSiO,)
undergoes congruent dissolution in water to release iron (Fe), magnesium (Mg) and Silicon (Si).
The iron precipitates in the soil while the magnesium and silica are lost in runoff.

Acidity can also beincreased in the soil by arange of organic acids (eg., acetic, citric, fulvic,
humic, phenolic and oxalic) released by plant roots, microbes, and fungi. They promote
weathering due to increased acidity and also by a process called chelation in which they combine
with products of weathering to prevent the development of equilibrium between dissolved
products and mineral elements.

Organic acids dominate the acidity of the upper part of a soil profile while carbonic acid is
important below. Organic acids dominate weathering in cool temperate forests where
decomposition processes are slow and incomplete, whereas carbonic acid drives chemical
weathering in tropical forests where lower concentrations of fulvic acid remain after the
decomposition of plant litter.

Looking at the concentrations of mgjor e ements in the continents and rivers indicates the large
amount of silicon in rocks and soil. The rate at which elements may be mobilised through
weathering varies: Ca> Na> Mg > K > S > Fe > Al > P as elements become less soluble and
form more precipitates.

Relationship to Beneficial Uses

The silicon in both freshwater and oceanic systemsis taken up by diatoms, which are relatively
large phytoplankters. They incorporate it into their cell wall (frustule) in the form of the mineral,
opal. Phytoplankton species composition varies according to nutrient availability - adding
phosphorus to a nutrient poor lake stimulates diatom growth, which may deplete Si supply and
favor a shift to other plankton species such as green algae. However, since rivers provide a stable
supply of silicon via soil weathering, these systems tend to resist becoming silicon dependent
and, as such, silicon is not important to the development of nutrient criteriafor rivers and
streams.

Measurement
Silicon can be easily measured by any accredited |ab.

Data Availability

Even though silicon is alimiting nutrient for diatoms, it is not generally part of freshwater
datasets.
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Recommendation
Not recommended as nutrient criteria parameter for rivers/streams or lakes.

5.3.2 Micronutrients

The micronutrients essential for algal growth include iron, manganese, zinc, copper, cobalt,
molybdenum, vanadium, selenium, and vitamin Bj,. In most natural waters, micronutrients are
abundant enough that they are not growth limiting. Therefore, they are rarely measured in
nutrient monitoring programs. However, certain micronutrients have been shown to be growth
limiting in afew particular cases (Wetzel 1983). Since micronutrients are rarely limiting and
since very little monitoring data are avail able, micronutrients are not important to the
development of nutrient criteria

54  WATER QUALITY RESPONSE

In addition to nutrients and biological measures of lake and river productivity, afew additional
water quality parameters can be used as criteriafor ng the impacts of eutrophication.
These are key variables that respond adversely to the effects of nutrient enrichment and which
are critical to protecting aquatic habitats. These include turbidity, dissolved oxygen, and pH.

5.4.1 Turbidity

Turbidity refers to the amount of light that is scattered or absorbed by afluid (APHA, 1980).
Hence turbidity is an optical property of the fluid (Hach, 1972), and an increasing turbidity is
visually described as an increase in cloudiness. Turbidity in streamsis usually due to the
presence of suspended particles of silt and clay, but other materials such asfinely divided
organic matter, colored organic compounds, plankton, and microorganisms can contribute to the
turbidity value of a particular water sample.

In lakes, increases in turbidity due to algal bloomsisimportant for both aesthetic reasons and
because it limits light availability to the aguatic community and may therefore impair the aquatic
habitat. In addition, algal turbidity is a measure of the algal densities and degree of
eutrophication, and therefore an important indicator of all of the other water quality problems
associated with excessive nutrient enrichment. Turbidity can change dramatically throughout the
year due to algal blooms, storm water inflows from the watershed, large sediment loads
associated with high stream flows, and strong winds or heavy boating which resuspends lake
sediments.

Relationship to Beneficial Uses

Turbidity is an important parameter of drinking water for both aesthetic and practical reasons.
Suspended matter provides areas where microorganisms may not come into contact with chlorine
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disinfectants, so high turbidity levels may limit the efficacy of normal treatment procedures
(EPA, 1986h).

Turbidity also has adirect detrimental affect on the recreational and aesthetic use of water. The
more turbid the water, the less desirable it becomes for swimming and other water contact sports.
In many communities tourism and recreation are important economically and turbid waters could
adversely affect the attractiveness of awater body for fishing, boating, swimming, or other
water-related activities.

Most of the biological effects of turbidity are due to the reduced penetration of light in turbid
waters. Less light penetration decreases primary productivity, with periphyton being most
severely affected. Declines in primary productivity can adversely affect the productivity of
higher trophic levels.

High turbidity levels adversely affect the feeding and growth of salmonids and other fish species.
Lloyd, et al., (1987) report that the ability of salmonids to find and capture food isimpaired at
turbiditiesin the range of 25— 70 NTU. Other studies indicate that growth is reduced and gill
tissue is damaged after 5-10 days of exposure to water having turbidity levels of 25 NTUs
(Sigler, 1980; Sigler, et a., 1984). At 50 NTUs some species of salmonids are displaced (Sigler,
1980; Harvey, 1989).

Increases in turbidity due to algal bloomsisimportant for both aesthetic reasons and because it
limits light availability to the aguatic community and may therefore impair the aquatic habitat. In
addition, algal turbidity is a measure of the algal densities and degree of eutrophication, and
therefore an important indicator of all of the other water quality problems associated with
excessive nutrient enrichment. Turbidity can change dramatically throughout the year due to
algal blooms, storm water inflows from the watershed, large sediment |oads associated with high
stream flows, and strong winds, which resuspend sediments.

Measurement

Turbidity can be measured directly and accurately using photoelectric turbidimeters. The
turbidity is reported in nephelometric turbidity units (NTU). An earlier technique was the
Jackson candle turbidimeter, which used a clear cylinder with aflame at the bottom. Water was
slowly added to the column until the flame disappeared into a uniform glow. The results were
reported in Jackson turbidity units (JTU). This older technique had several limitations including
inability to measure low levels of turbidity and fine particles, and particle color affected the
results. Photoel ectric turbidimeters are generally used today since they are more accurate and do
not have these limitations. Unfortunately, there is no standard conversion between NTU and JTU
due to differences in the techniques.

Turbidity in lakesis most commonly measured as Secchi depth sinceit is easy and inexpensive.
A disk standard size (20 cm diameter) and color (white or black and white) is lowered into the
lake until it can no longer be seen, and is then raised until it can be seen again. The Secchi depth
isthe average of the two depths at which the disk first disappears and then reappears. No water
samples or analytical procedures are required. Because the measurement is so smple, it can be
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used in volunteer monitoring programs. Also, sinceit is so cheap, frequent measurements can be
made to capture the temporal variationsin algal blooms, to look at long-term trends in
productivity, or even to help predict the onset of a bloom. Secchi depth, together with
phosphorus and chlorophyll a, has long been used in quantifying the trophic status of lakes.
Secchi depth is one of the three variables used in Carlson’s (1977) trophic indices of lake
eutrophication. It is aso one of the four parameters recommended by EPA (2000) for
characterizing lake nutrient status. Secchi depth can be used in empirical relationships to
estimate chlorophyll a, total phosphorus, or total nitrogen. Although some relationships are
availablein the literature, it is best if site-specific relationships are developed using algal and
nutrient measurements from the lake. Secchi measurements are affected by interference from
inorganic suspended solids and color, so care must be taken in interpreting the results.

M easurements can also be affected by technique (e.g., whether the disk islowered on the
sunlight or shaded side of the boat), factors that influence the degree of lighting (e.g., weather
and time of day), and equipment (e.g., whether awhite or black and white disk is used).
Therefore, consistency should be maintained throughout a monitoring program.

Turbidity is viewed by some as being the single most sensitive measure of the effects of land use
on streams. Thisis due partly to the fact that relatively small amounts of sediment can cause a
large change in the turbidity. On the negative side, this rapid response can lead to variability.

Data Availability
Turbidity data are readily available.

Recommendation
Turbidity has adirect linkage to eutrophication and should be included as an indicator.

5.4.2 Dissolved Oxygen

Dissolved oxygen is critical for the survival of most aguatic organisms. It also influences nutrient
dynamics since it affects the solubility, availability, and forms of nutrients in the water column
and surface sediments, as well as sediment release rates and losses to the atmosphere. Very low
oxygen levels or anaerobic conditions prevent oxidation of ammonia to nitrite and nitrate, reduce
nitrate and nitrite to nitrogen gas which can be lost to the atmosphere, reduce the adsorptive
capacities of particles to increase sediment release of anmonia and phosphate and lower
sedimentation losses from the water column, and eliminate the oxidized microzone which in turn
reduces and solubilizes ferric phosphate to release the phosphate and iron from the sediments. In
contrast, aerobic conditions promote oxidation of ammoniato nitrite and nitrate, prevent
denitrification of nitrate and nitrite and the corresponding N losses to the atmosphere, increase
the adsorptive capacity of particles which inhibits ammonia and phosphate release from the
sediments and increases sedimentation losses from the water column, promote development of
the oxidized microzone which causes coprecipitation of ferric phosphate and prevents phosphate
release from the sediments, and oxidize soluble ferrous iron in the water column to insoluble
ferric iron which coprecipitates phosphate as ferric phosphate. The oxygen levels also influence
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the nature of the microbial community and the rates organic decomposition, mineralization, and
microbially-mediated redox reactions. The effects of dissolved oxygen on nutrient concentrations
and speciation also influences productivity, since it affects the bioavailability and cycling rates of
the nutrients to algae and plants. The dissolved oxygen processisillustrated in Figure 5-4.

Figure 5-4. Dissolved Oxygen Processes in Aquatic Ecosystems
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Oxygen enters lakes and streams through atmospheric exchange and photosynthetic activity.
Water temperature, atmospheric pressure (and therefore elevation), and salinity influence the
solubility of oxygen in water, which in turn influences reaeration rates. The major losses are
oxygen consumed during microbial decomposition processes, respiration by all organisms, and
chemical and biological oxidation reactions such as nitrification and oxidation of reduced iron
and manganese. In addition, oxygen levelsin inflows, inflow rates, inflow depths (dependent on
inflow temperatures and |ake temperature profile), outflow rates, and outlet depths relative to
thermocline depth also influence the oxygen budgets in lakes, especidly if residence times are
low. These processes in combination with the seasonal stratification cycle, climatic factors that
influence surface reaeration, and external BOD and COD |oads determine the temporal and
spatial variations of dissolved oxygen in lakes.

In general, oxygen concentrations in the epilimnions of stratified lakes, or throughout shallow
unstratified lakes, decrease during the summer due to the reduced solubility of oxygen with
increasing temperature. However, in very productive lakes, the oxygen concentrations can vary
widely throughout the day due to photosynthetic oxygen production during the daylight hours
and high respiratory oxygen consumption at night in the absence of photosynthesis. These
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processes can exceed reaeration rates, preventing equilibration with the atmosphere and resulting
in diurnal cycles of supersaturation and undersaturation. Oxygen can drop to very low levels
during the summer or fall in shallow productive lakes due to the rapid decomposition of organic
material from senescing macrophytes or previous phytoplankton blooms, along with low
reaeration rates resulting from light winds and low oxygen solubility.

Hypolimnetic oxygen levels are very different between productive and unproductive lakes. In
unproductive lakes, hypolimnetic oxygen consumption islow, so the hypolimnion often has
higher oxygen levels than the epilimnion. The lower temperatures of the hypolimnion produce
higher oxygen solubility, and the hypolimnetic waters are usually saturated during spring mixing
prior to stratification. In productive lakes, the reverse situation occurs, with very low or anoxic
oxygen conditionsin the hypolimnion. The high algal densities of productive lakes result in high
organic loads to the hypolimnion and sediments, which rapidly consume oxygen during
decomposition. The oxygen levels drop throughout the summer stratification period, with lowest
levelstypically occurring at the bottom near the sediments, where organic accumulation and
microbial decomposition activity is highest.

In addition to these patterns, oxygen variations also sometimes occur in the metalimnion, or
thermocline, region of lakes. Some lakes have higher oxygen levels in the thermocline than in
the epilimnion or hypolimnion. This occurs when light penetrates the thermocline and algal
photosynthetic oxygen production in this region exceeds oxygen consumption from
decomposition, respiration, and nitrification. Some other lakes have the reverse oxygen pattern,
with lower levelsin the thermocline than in the epilimnion or hypolimnion. Thisis less common,
but can occur when decomposing organic matter settling from the epilimnion accumul ates near
the thermocline due to reduced settling velocities in the much colder and denser hypolimnetic
waters, or when dense populations of microcrustaceans congregate near the thermocline and
produce large respiratory losses of oxygen (Wetzel, 1983).

During fall when stratification breaks down and the |ake mixes again, oxygen level s throughout
the water column return to saturation values in equilibrium with the atmosphere at the new
temperature as wind mixing and reaeration reoxygenate the waters. Brief periods of very low
oxygen can sometimes occur in surface waters at the beginning of destratification if the
hypolimnion was anoxic and the hypolimnetic volume was much larger than the epilimnetic
volume.

Additional complications occur in cold climates where the |akes freeze during the winter.
Surface freezing prevents oxygen exchange with the atmosphere, and the ice and snow covers
can prevent photosynthetic oxygen production. These are the two major processes that supply
oxygen to lakes other than oxygen in inflows. In shallow productive lakes, respiratory
consumption can significantly reduce oxygen levels during the winter, resulting in fish kills. In
less productive and deeper lakes, the oxygen levels may not drop as low, since decomposition
and respiration rates are low due to the cold temperatures, and because oxygen levels were very
high prior to freezing because of the maximum oxygen solubility at sub-freezing temperatures.

Page 84 Tetra Tech, Inc.



RTAG / STRTAG Nutrient Criteria White Paper

Besides the seasonal vertical variations in the oxygen profiles of lakes, significant horizontal
variations can also occur. Plants, benthic algae, and epiphytes in the littoral regions may generate
more photosynthetic oxygen production than the phytoplankton of the open waters, but may also
consume more oxygen from respiration, resulting in larger diurnal oxygen fluctuations. In
addition, the decomposition of senescing macrophytes in the shallow littoral areas can introduce
large organic loads that consume oxygen during decomposition. These effects may be most
important in the late summer and fall at the end of the growing season.

In general, most mountainous streams have cool temperatures, rapid reaeration rates, and
relatively low oxygen demand; thus stream water is normally close to or at saturation. Situations
in which stream water may not be near saturation include: very slow, low-gradient streams where
the rate of reaeration is slow; sites where fresh organic debris causes alarge BOD; warm
eutrophic streams where high levels of photosynthesis and respiration cause diurnal fluctuations
in dissolved oxygen; and ponded sites such as those created by beavers.

Dissolved oxygen concentrations can also vary between the surface stream water and the water
flowing through alluvial material in the stream bed. Dissolved oxygen within these aluvial
materiasistermed intergravel dissolved oxygen. Oxygen replenishment to these intergravel
waters comes primarily from the exchange of well aerated surface waters.

Intergravel dissolved oxygen is controlled by the same factors as surface water, but thereis no
photosynthesis or reaeration. Oxygen demand comes from the fine organic debris entrained in
the gravel and from the respiration of infaunal organisms. In spawning streams, fish eggs can
also exert ameasurable oxygen demand. For these reasons, dissolved oxygen concentrations
within the streambed are generaly lower than in the adjacent stream water.

Relationship to Beneficial Uses

Dissolved oxygen is critical to the biological communities in streams and lakes and to the
breakdown of organic material and, as such, critical to almost every beneficial use classification.

Measurement

Dissolved oxygen concentrations can be quantified using either chemica (Winkler method) or
potentiometric methods. The Winkler method is very accurate, providing there are minimal
interferences from suspended material, other oxidizing agents, or certain organic compounds. It
isalso very difficult to perform in the field.

Field measurements of dissolved oxygen are most often made using the potentiometric method.
This method uses a small, portable meter and probe that measures the rate of diffusion of
dissolved oxygen across a membrane.

The timing of dissolved oxygen measurementsis very critical. During the day, warming of
stream water can depress the saturation concentration of dissolved oxygen and accelerate the rate
of metabolic uptake. For slow-moving rivers and streams with high primary productivity, large
diurnal fluctuations in dissolved oxygen concentration can result from algal photosynthesis and
respiration. During the day, photosynthesis in excess of respiration is a source of oxygen. At
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night, photosynthesis ceases and respiration becomes an oxygen sink. Usually, in streams having
high algal productivity, the lowest dissolved oxygen concentrations are found to occur just
before dawn.

Data Availability
Dissolved oxygen data are readily available.

Recommendation

Water quality criteria already exist for dissolved oxygen. Dissolved oxygen concentrations can
be directly linked to excessive primary productivity but its usefulness as an indicator is decreased
unless diurnal measurements are made. Therefore, we recommend that diurnal DO
concentrations be used as an indicator of beneficial use impairment.

5.4.3 pH

pH is defined as the concentration of hydrogen ions in water in moles per liter. Because the range
of hydrogen ion concentrations in water can span more than 14 orders of magnitude, pH is
defined on alogarithmic scale.

For practical purposes, the parameter of interest is not the absolute concentration of hydrogen
ions, but the chemical activity of those ions. Therefore, the common measurement techniques of
pH are based on hydrogen ion activity and not the absolute concentration of hydrogen ions.

Relationship to Beneficial Uses

pH can have direct and indirect effects on stream and lake water chemistry and the biota of
aguatic ecosystems. A pH range from 5 to 9 is not directly toxic to fish, but adeclinein pH from
6.5 to 5.0 resulted in a progressive reduction in salmonid egg production and hatching success
(EPA 1986). The emergence of certain aquatic insects also declines below apH of 6.5. Because
of this, EPA has concluded that pH should range from 6.5 — 9.0 in order to protect aquatic life.

Indirect effects of pH on stream chemistry result from the hydrogen ion activity and the
interactions between pH and a variety of other chemical equilibria. For example, at 5 °C the
equilibrium concentration of un-ionized anmonia can increase ten-fold with a pH shift from 6.5
to 7.5. Similarly, the solubility of many metal compounds changes greatly with pH, which is of
critical interest in areas having elevated concentrations of heavy metals sequestered in their
sediments. Carbonic acid in cool, CO, saturated streams can stimulate a wide range of
weathering reactions, and this will affect the agueous concentration of a number of dissolved
ions (e.g., silicon) (Reynolds and Johnson, 1972).

Elevated concentrations of river nutrients affects pH indirectly. Eutrophication stimulates algal
growth. Waterbodies with high algal growth can exhibit considerable variation in pH diurnally.
Maximum pH values usually occur in the afternoon when photosynthetic activity consumes
carbon dioxide and dissolved oxygen concentrations are at a maximum. Increased pH levels can,
in turn, increase the concentration of un-ionized ammonia and cause toxicity. Minimum pH
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values are observed at night (just prior to dawn) when carbon dioxide is being released by alga
respiration. Lowered pH’s can result in increased concentrations of dissolved heavy metals,
which can cause toxicity.

Measurement

pH can be measured either colorimetrically or electronically. Since colorimetric methods are
subject to interference from turbidity, color, colloidal matter, oxidants and reductants, they are
suitable only for rough estimates. The most commonly used technique to measure pH is
electronically using apair of electrodes, with one being a constant-potential electrode and the
other being an indicating electrode.

pH is temperature dependent and highly influenced by carbon dioxide and, as such,
measurements should be made in the field immediately after taking the sample.

Data Availability
pH data are readily available.

Recommendation

Water quality criteria already exist for pH. pH levels can be directly linked to excessive primary
productivity but its usefulness as an indicator is decreased unless diurnal measurements are
made. Therefore, we recommend that diurnal pH levels be used as an indicator of beneficial use
impairment.

5.4.4 Temperature

Water temperature is an easily measured parameter that has considerable chemical and biological
significance. It is measured on alinear scale in either degrees Fahrenheit (°F) or degrees Celsius
(°C). The Celcius scale is preferred and can be obtained easily from °F by using the equation:

°C = 5/9(°F — 32)

Stream temperatures are the net result of avariety of energy transfer processes, including
radiationinputs, evaporation, convection, conduction, and advection (Brown 1983). Stream
temperatures reflect both the seasonal change in net radiation and the daily changesin air
temperature. These patterns of energy inputs and outputs are modified by stream characteristics
such as flow velocity, flow depth, and groundwater inflow. Typically, peak daily temperatures
occur in the late afternoon, and daily minima occur just before dawn. The seasonal pattern of
stream temperatures generally is similar to the pattern of incoming solar radiation, but with alag
of 1to 2 months (Beschta et a. 1987).

Relationship to Beneficial Uses

Increased water temperatures are known to increase biological activity. Keeton (1967) indicates
that a 10°C increase in water temperature can double the metabolic rate of cold-blooded
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organisms. This could result in reduced levels of dissolved oxygen and cause stress to aguatic
organisms. Temperature also controls the rate of many chemical reactions. Eastman (1970)
reports that a 10°C increase in water temperature can double the rate of a chemical reaction.
Additionally, the equilibrium between ammonium and un-ionized ammoniais highly dependent
upon temperature and rapid temperature changes can initiate a series of repercussions regarding
nitrogen cycling.

Elevated concentrations of river nutrients can have an indirect effect on water temperature.
Eutrophication can result in increased sestonic and attached algal concentrations. Thisincrease
can result in increased absorption of incoming solar radiation, thus increasing water temperature.

Measurement

Temperature can be measured by either athermometer or an electronic sensor. Thermometers are
relatively inexpensive but should be calibrated if accurate measurements within 1°C are required.
Electronic sensors have the advantage of allowing continuous monitoring.

Average stream temperature measurements should be made in more turbulent reaches if possible.
Water temperatures near the bottom of pools can be 5-100C cooler than the surface water (Bilby,
1984). Usually, thermal variations within a stream result from inflows of cool water sources,
such as groundwater or intergravel water, into slow moving reaches, pools, or backwater areas.
In such cases, a single surface temperature can be misleading.

Data Availability
Temperature data are readily available.

Recommendation

Temperature is a controlling factor for several chemical reactions that can be used as indicators
of beneficial use impairment (e.g., ammonia concentration, dissolved percent saturation).

55 BloLoGICAL RESPONSE

5.5.1 Riparian Zone

Characteristics of the riparian zone are rarely considered as water quality parameters, yet the
riparian zone directly affects many of the beneficial uses of water. The type and amount of
riparian cover is an important controlling factor for stream temperatures and bank erosion, and
both temperature and bank erosion can be directly related to habitat quality. The riparian zone
also plays a key role in defining channel morphology and creating fish rearing habitat through
the input of large woody debris. Finally, the riparian zone plays an important role in controlling
the amount of sediment and nutrients reaching the stream channel from upslope sources.

Two parameters are used to assess the health of the riparian zone. The first parameter is the
width of the riparian canopy opening and the second parameter is riparian vegetation. These two
parameters will be discussed in the following sections.
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5.5.2 Riparian Canopy Opening

The riparian canopy opening refers to the gap between the canopy of the riparian vegetation on
opposite banks of ariver or stream. Often, small streams are completely shaded by woody
vegetation and hence have no riparian canopy opening in their undisturbed state. In steep,
narrow, V-shaped valleys, considerable shading can result from the dominant upslope species
rather than from the riparian vegetation. In lower-gradient and higher order streams, the stream
channel by definition is wider and there commonly is a gap or opening between the parallel
strands of the riparian vegetation. Streams with an alluvia valley floor tend to have more
extensive and complex strands of riparian vegetation that develop in response to periodic
flooding and high water tables.

These riparian and upslope forests that shade undisturbed stream channels can be altered by both
natural disturbances (landslides, debris flows, and stream channel erosion) and anthropogenic
land-use practices. Often, a highly interactive response exists between changes in morphol ogy
and changes in the riparian forest (Wissmar and Swanson, 1990). For example, channel or bank
erosion often changes the size and location of the stream channels, which resultsin a
corresponding loss of streamside vegetation and an increase in the width of the riparian canopy
opening.

Monitoring of the riparian canopy opening offers arelatively rapid means of assessing the
influences of anthropogenic activities on both the streamside vegetation and stream channel.

Relationship to Beneficial Uses

An increase in the width of the riparian canopy opening will allow more direct radiation to reach
the stream and raise peak summer water temperatures. Less shading will also result in greater
temperature fluctuations on both a seasonal and daily basis. A reduction in canopy cover may
increase the amount of re-radiated long-wave radiation, thereby allowing more heat loss at night.
Heat loss can be crucial to the icing up and formation of anchor ice in colder environments.

In light limited streams, an increase in the width of the riparian canopy opening can increase
primary productivity (Gregory, et a. 1987). This may induce a corresponding increase in
invertebrate and fish production. However, increased primary productivity may be offset by
decreased inputs of detrital food subsidies, leaves, and other organic material from the riparian
zone. The net balance between the increased primary production and decreaced detrital inputs
will depend on the size of the stream and the presence or absence of other limiting factors, such
as plant-available nutrients.

Changesin the size and structure of the canopy will adversely affect a wide range of animal
species dependent upon riparian habitats (Deusen and Adams, 1989). A reduction in the width of
the riparian zone may reduce the purported ability of the riparian zone to trap excess nutrients
and sediments coming from upslope (Green and Kaufmann, 1989). An increase in canopy
opening is likely to reduce the long-term delivery of large woody debris into the stream channel

Tetra Tech, Inc. Page 89



RTAG / STRTAG Nutrient Criteria White Paper

(Grant, 1988). Large woody debrisis an extremely important element in channel morphology,
sediment transport, and quality of aquatic habitat in many forested streams (Bisson, et al., 1987).

Measurement

A detailed procedure for measuring and analyzing changes in the riparian canopy opening has
been published as the RAPID (Rapid Aerial Photographic Inventory of Disturbance) technique
(Grant, 1989). Thisrequires a historical sequence of aeria photographs on ascale of at least 1-
t0-24,000. The basic approach isto:

» ldentify initiation sites where the increase in riparian canopy opening begins.

» Determine the spatial links between the initiation sites and downstream increases in the
width of the riparian canopy opening.

» Determine the continuity of open reaches along the stream.

» Measure the width of the riparian canopy opening.

The advantages of RAPID are asfollows:

* Thereisan extensive database of aerial photographs that researchers can use to compare
against existing canopy opening widths.
* Themethod isfairly straightforward and relatively easy to perform.

The major disadvantages include:

* The RAPID type approach is not as sensitive to change as ground-based measurements
since an increase in canopy opening cannot be detected until a substantial increasein
stream width has occurred. By this time, much of the origina banks and vegetation will
have been impaired.

* Insome cases, it may be difficult to relate changes in the riparian canopy opening and the
width of the stream channel to the potential causal factors such aslanddlides, forest
harvest, extreme floods, or debris flows.

Data Availability

RAPID dataisreadily availably, however recent aerial photography requiring the appropriate
scale may not be available.

Recommendation

This parameter can be very important in determining the limiting factor for primary productivity.
However, since current conditions may not be readily available, its usefulness as a general
indicator may be premature. Instead, this parameter should be included in cases where site-
specific studies are recommended.
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5.5.3 Riparian Vegetation

Riparian vegetation has been defined as that “growing on or near the banks of a stream or other
body of water on soils that exhibit some wetness characteristics during some portion of the
growing season” (AFS). Other authors have specified that the soil should be saturated within the
rooting depth of the plants for at least some portion of the growing season (Platts et al. 1983;
Minshall et a. 1989).

These definitions suggest that riparian areas are a particular type of wetland. EPA defines
wetlands as “ Those areas that are inundated or saturated by surface or groundwater at a
frequency and duration sufficient to support a prevalence of vegetation typically adapted for life
in saturated soil conditions.” In most ecoregions, one can find a variety of vegetation types on
the streambanks and flood plains, including coniferous and deciduous trees, grasses, shrubs,
forbs, ferns, and mosses (MacDonald, et al., 1991).

Relationship to Beneficial Uses

Riparian vegetation, and the exploitation of this vegetation, affects most of the beneficial uses of
water through avariety of different processes. Some of the most important biological and
physical effects of riparian vegetation on the beneficial uses of water include:

» providing organic material that can be used as food sources for aguatic organisms

» supplying large woody debris that aters sediment storage, influences channel
morphology, and enhances fish production

» shading the stream and reducing temperature fluctuations

* reducing bank erosion

» providing habitat and cover for both aguatic and terrestrial organisms
» thesocial benefits of streamside aesthetics

The relative importance of these different functionsis heavily influenced by vegetation type.
Deciduous trees provide large amounts of leaves and other organic material, which are generally
higher in nitrogen than coniferous debris, and thus more readily broken down by invertebratesin
healthy ecosystems (Bilby 1988). More rapid breakdown leads to more rapid utilization and
higher productivity.

Coniferous trees are an important source of large woody debris. Coniferous branches, boles and
root wads tend to be larger than their deciduous equivalents, and this increases both their stability
within the stream channel and the diversity of aquatic habitats, especially at higher flows (Sedell
et a. 1984, Bisson et al. 1987). Coniferous wood does not decay as rapidly as alder and most
other deciduous species, which also contributes to channel and habitat stability (Sedell et al.
1988).

Both coniferous and deciduous trees are effective in shading the stream and thereby reducing
peak summer temperatures. Streams with little or no vegetative canopy may have lower winter
minima and be more susceptible to anchor ice (Platts 1984).
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All types of vegetation can be effective in reducing bank erosion, although they differ in the type
of protection (Hackley 1989, Platts and Nelson 1989). Large trees and root wads can divert or
deflect flow in small or moderate sized streams, and their roots can provide substantial protection
during high flows. Grassy banks may provide a more complete cover, but they are not as
resistant to undercutting or abrasion.

Few studies have been done on the filtering and buffering capacities of riparian vegetation
(Green and Kauffman 1989). In most undisturbed forest ecosystems, the nutrient and sediment
yields are so low that the filtering capacity of the riparian zoneis not akey concern. In
agricultural areas, however, nutrient exports are important and the riparian zone has been shown
to be asink for sediment as well as nitrogen, phosphorus, calcium, magnesium, and potassium
sulfate (Lowrance et a. 1984, Lowrance et al. 1986, Green and Kauffman 1989). The influence
of different vegetation types on sediment and nutrient yields, and in some situations water yield,
is complicated by differencesin other factors such as the prevalence of overland flow, height of
the water table, rooting depth, root densities, chemical properties of the soil, nitrogen fixing
ability of the plants, and seasonal growth patterns.

Various types of riparian habitat provide different types of habitat (Raedeke 1988). Species such
as otters, beavers, deer, and bald eagles all have different habitat needs and are more or less
dependent on riparian vegetation.

The importance of the riparian vegetation to the adjacent aquatic ecosystem diminishesin the
downstream direction because of the increase of discharge and stream size (Bilby 1988). In small
streams the riparian vegetation maybe the dominant source of organic matter, whilein larger
streams instream primary production tends to dominate (Hynes 1970). Removal or ateration of
the riparian vegetation in asingle reach can significantly alter temperature and water quality in
low discharge, narrow streams, but the impact of a comparable changeislikely to be
undetectable in large streams or rivers (Bilby 1988).

Measurement

Although riparian vegetation affects many aquatic habitat and water quality parameters,
generdly it is more effective to monitor these parameters directly rather than monitoring the
riparian vegetation since any direct linkage would be difficult to make (MacDonald et a. 1991).
It follows that, with the exception of temperature, any precise measurement or characterization
of riparian vegetation provides an accuracy, which cannot be translated into a more precise
assessment of water quality or the impairment of beneficial uses.

Some of the most commonly measured parameters include vegetation type, vegetation cover, and
vegetation density. Vegetation typeis usually a qualitative categorization which can be as simple
astree, shrub, grass, or bare (Platts et al. 1983). More commonly, the vegetation type is based on
the dominant overstory species or specified plant communities (Platts and Nelson 1989).

V egetation cover usually refers to the downward projection of the canopy onto the ground
surface (Husch et al. 1982). Visual estimation techniques can be used to provide a quick,
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qualitative measure (Platts et a. 1987). Quantitative measurements usually rely on point or line
intercept methods.

Forest cover density can be assessed by measuring light intensity or by using a spherical
densiometer (Lemmon 1957). The latter uses a point sampling technique to determine the
amount of clear sky in the hemisphere centered over the observer.

Monitoring of the riparian vegetation is another means of assessing natural and anthropogenic
impacts in the riparian zone and evaluating whether beneficial uses have been impacted.
However, riparian vegetation cannot be used as a direct indicator of water quality except in the
case of stream temperatures. For this reason, most water quality monitoring programs use
relatively ssmple, qualitative indicators to assess the type, density, and cover of the riparian
vegetation. Detailed quantitative monitoring is most appropriate for:

e assessing stream shading and predicting the thermal effects of changes in the riparian
canopy

» predicting the size and future recruitment of large organic debris
* measuring the amount of cover for fisheries
» assessing bank stability and bank erosion as afunction of vegetative cover

Data Availability

Dominant riparian vegetation types are generally available for most rivers using BASINS 2.
Specific information regarding width of the riparian zone and vegetation species may be more
difficult to locate.

Recommendation

Since there is no direct relationship between riparian vegetation and the effects of nutrient
loading on ariver, this parameter is not recommended to be included as an indicator.

5.5.4 River Aquatic Flora

The floraresponsible for primary production in aquatic environments can be classified
taxonomically, functionally, or morphologically. In classical plant taxonomy, the primary groups
of aguatic plants are the algae, vascular macrophytes, and mosses. In most streams, the bulk of
the productivity is due to algae (Hynes 1970).

Aquatic ecologists often use a functional classification with three primary categories: (1) free-
floating, or planktonic forms (sestonic), (2) plants attached to the substrate (periphyton), and (3)
plants rooted into the substrate (Weitzel 1979). The relative importance of these three categories
is determined largely by the physical features of the habitat. Free-floating plants, for example,
are significant only in still waters or large rivers where there is sufficient time for them to build
up their populations. Rooted aquatic plants are rarely found in areas where bed material is coarse
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or subject to frequent transport. Attached plants, mainly benthic algae, are most important in
gravel-bedded headwater streams.

Morphologic classification systems for aquatic flora can be ssmpler than the taxonomic and
functional approaches. The usual distinction is between microflora and macroflora, but these are
arbitrary size classes, and in theinitial growth stages macroflora species can be part of the
microflora (Hynes 1970).

Most studies of aguatic flora have concluded that the attached plant community is better suited to
water quality monitoring (Weitzel 1979). Two terms are commonly used to refer to the attached
flora, Aufwuchs and periphyton. Although some authors consider these synonymous, Aufwuchs
a German term meaning attached growth) refersto al organisms growing on or attached to a
substrate, and this includes heterotrophic organisms such as bacteria, bryozoa,and sponges, as
well as small mobile organisms (protozoans and insect larvae) living within the mat (Power et al.
1988, Ruttner 1953, Wotton 1988). Periphyton often has a dlightly narrower definition: aquatic
flora growing on submerged substrates, which may or may not include the microflora (Cattaneo
1987, Hutchinson 1975, Odum 1971, Weitzel 1979). In forested streams in the Pacific
Northwest, the attached algal communities are commonly referred to as benthic or epibenthic
algae (Hudon and Legendre 1987). Diatoms usually are the most important and diverse alga
group in benthic communities (Pryfogle and Lowe 1979). Epiphytic algae refers to attached
microalgae (diatoms) that grow on the surface of macrophytes (Cattaneo and Kalff 1980).

Basu and Pick (1996) reported a positive relationship between sestonic chlorophyll a and total
phosphorusin 31 eastern Canadian rivers (r2=0.76). They found no relationship between
chlorophyll a and water residence time. Niewenhuyse and Jones (1996) compiled data from the
literature (n=292) to show that summer mean chlorophyll a concentrations in temperate streams
bore a strong (r2=0.67) curvilinear relationship with mean summer total phosphorus
concentrations. They also found that stream catchment area had a significant effect on
chlorophyll at all concentrations of total phosphorusin that smaller watersheds had less
chlorophyll in their associated rivers at similar total phosphorus concentrations. This suggests
that physical factors, and in this case, hydraulic flushing rate, may co-regulate chlorophyll, with
smaller watersheds having relatively higher flushing rates. Heiskary and Markus (2001) also
found a good relationship between stream total phosphorus and total nitrogen levels and sestonic
chlorophyll a concentrations. They also found that watershed size was related to chlorophyll a
concentrations, again, because of the hydraulic flushing effect. They also report that streams
having high TSS or turbidity can exhibit lower chlorophyll a concentrations at identical nutrient
concentrations because of photolimitation. Biggs (2000) states that, regarding periphyton,
hydrology will influence stream chlorophyll so that even at the same nutrient levels, chlorophyll
a concentration could be different.

Relation to Beneficial Uses

Benthic algae can be the dominant group of primary producers in stream ecosystems (Hynes
1970, Wetzel 1983). Mats of attached algae form rich assemblages of plant, bacterial, and animal
species, all of which are important components of the food web (Weitzel 1979, Power et al.
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1988). In small headwater streams, the contribution of organic matter by benthic algae may be
outweighed by inputs of organic matter from riparian and forest vegetation. With increasing
stream size, however, the importance of autotrophic production increases. Increased benthic algal
production is linked to increased production of benthic invertebrates and fish (Gregory et al.
1987).

Ecologically, an increase in primary production can increase the production on fish and
invertebrates in streams. However, nocturnal respiration can cause oxygen depletion in waters
with high primary productivity and low reaeration rates. Even relatively small reductionsin
dissolved oxygen levels can have detrimental effects on both fish and invertebrate populations.
Additionally, anaerobic conditions can alter awide range of chemical equilibria, which can result
in the mobilization of certain toxic pollutants as well as generate noxious odors.

Partial or complete removal of the riparian canopy will increase direct solar radiation, which may
increase algal growth. Gregory et a. (1987) found that at 20% of full sunlight, benthic algal
communities are photosynthetically saturated in headwater streams of the Cascades.

The relationships between benthic algal biomass in streams and nutrient concentrations are not
well defined compared to those for lakes. While Dodds and Welch (2000) suggest setting criteria
for both total nitrogen and total phosphorus, they state that the criteria should be based on the
amount of chlorophyll that is acceptable, or at what point the benthic algal biomassis interfering
with beneficial uses.

In downstream portions of slow moving rivers, al three functional plant groups (free-floating,
attached, and rooted) can affect the beneficial uses of the water and be ecologically important
habitats (Power et al. 1988). Large masses of benthic algae represent a potential nuisance by
breaking loose and clogging water intakes, contributing to the oxygen demand, altering the
substrate and benthic fauna habitat, interfering with angling and degrading the aesthetic
environment of the stream. Additionally, aguatic macrophytes can adversely impact recreationa
uses such as swimming and boating as well as degrading the aesthetic value of the waterbody.

Based on results from 19 cases of enrichment, and survey results in which the coverage by
filamentous forms increased with biomass, a threshold level for nuisance conditions of 100 — 150
mg chl a/m? was suggested (Horner et al. 1983, Welch et al. 1988). Welch, et al. (1988) report
that this biomass level did not adversely cause oxygen depletion or impair benthic fauna. Welch
et a. 1989 report that, since very low concentrations of SRP are required to saturate ariver, as
the SRP concentration entering the river segment increases, the effect is more apt to be expressed
in the stream distance in which algal biomass exceeds some level (e.g., nuisance threshold level)
than on the maximum biomass near the source of some high nutrient input. Presumably, the
higher the inflow concentration from some source, the greater will be the stream distance in
which SRP exceeds the threshol d-nuisance-saturating level before uptake lowers SRP to that
level. Additionally, Welch et al. (1989) state that due to the relatively low growth-saturating
concentrations of SRP in running water, there is little hope that biomass at any stream point
could be controlled by controlling ambient SRP. However, they state, the stream distance
adversely affected below a nutrient source is alogical option to be managed. As stated
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previoudly, arelatively low nuisance threshold for biomass can occur at very low concentrations
of SRP however, models used by Horner et al. (1983) and Seeley (1986) suggest that some
control on maximum biomass occurs at higher SRP levels as well. Therefore, selecting a higher
biomass as a threshold for nuisance conditions would alow for a higher SRP, yet resultin a
shorter stream reach exhibiting nuisance biomass levels.

Dodds and Welch (2000) state that ultimately, criteria based on existing data will need to be set
based on what amount of benthic chlorophyll is acceptable and not on how nutrient amounts and
ratios will influence algal communities.

Measurement

Of dl of the aguatic plants, algae have long been the most widely used indicator of water quality
and stream condition (Hynes 1966, APHA 1976, Weitzel 1979). Some advantages of using algae
include the following:

» Their presence and growth integrate numerous physical factors.
» Their relatively short life cycle makes them useful indicators of short-term impacts.

» They are senditive to certain pollutants, such as herbicides and excessive inputs of
nutrients, which may not directly affect other organisms.

» Sampling can be easy and inexpensive depending on the situation.

» Fairly strong correlation between total phosphorus and sestonic chlorophyll a (Basu and
Pick 1996, Niewenhuyse and Jones 1996) and between total nitrogen and sestonic
chlorophyll a (Heiskary and Markus 2001).

* Rdatively standard methods exist for evaluating the structural and functional
characteristics of algal communities (EPA 1989).

Disadvantages to the use of algae and other aguatic plants are as follows:

* They are highly variable with location (Pryfogle and Lowe 1979).

» They are highly sensitive to small changes in current velocity, substrate type, and other
physical factors (Weitzel et al. 1979).

» Considerable expertise and time are needed to identify both attached and free-floating
micro-flora species.

» Theuse of qualitative information, such as presence or absence of particular species, may
beinvalid or appropriate only on avery coarse scale (Weitzel 1979. Welitzel et a. 1979).

* Quantitative relationships between nutrient concentrations and benthic algal biomass are
not well characterized (Dodds et al. 1997, Dodds and Welch 2000).

e Other factors which influence algal biomass such as grazing (Welch et al. 1988). Shading
viaeither in stream turbidity or riparian cover, flow velocity asit relates to nutrient
uptake rate and biomass accumulation/sloughing, time available for biomass accrual, and
substrate type.
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Welch et al. (1989) use models based on growth kinetics and accumulation parameters and
present a growth kinetics model for steady state biomass that can be used by water managers.
They coupled this with a formulation to estimate the stream length for which periphyton biomass
could be greater than the nuisance threshold. Dodds et al. (1998) condidered breaksin the
cumulative distribution curves for region field measurements to classify stream trophic
boundaries. This method allows one to determine where a specific stream fitsinto the larger
database. Biggs (2000) presents a nomograph for use to predict periphyton biomass (chlorphyll
a) as afunction of dissolved inorganic nitrogen, soluble reactive phosphorus, and days available
for accrual and tied it into a probabilistic model to assess risk of exceeding user-specified
chlorophyll values.

Dodds et a. (1997) used aregression model that used field data to determine which parameters
could be used to explain the most variance in benthic chlorophyll a. New regression models
could be developed or existing models used to test California data. Another method would be to
use a ‘reference station’ approach, which would target a stream or reach where existing
periphyton biomass levels are acceptable and describe the nutrient characteristics (accounting for
the other factors that could control biomass). Dodds et al. (1997) found that the regression,
reference station, and probabilistic modeling approaches converged on similar nutrient targets.

Data Availability

Readily available datafor benthic algal coverageis sparse. There are some datasets generated as
the result of Total Maximum Daily Load studies (TMDLSs). Additiona datawill need to be
generated.

Recommendation

The main response variable to eutrophication is primary productivity and ultimately, criteriawill
need to be set based on what amount of benthic and sestonic chlorophyll ais acceptable.
Beneficial use classification will be the driver. Benthic chlorophyll a can be 