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AbstractÐAquatic scientists and managers have no conventional mechanism with which to characterize
and compare nutrients and algal biomass in streams within a broader context analogous to trophic
state categorization in lakes by chlorophyll (chl) and nutrients. We analyzed published data for a large
number of distinct, temperate, stream sites for mean benthic chl (n= 286), maximum benthic chl
(n= 176), sestonic chl (n = 292), total nitrogen (n= 1070), and total phosphorus (n= 1366) as a ®rst
e�ort to establish criteria for trophic boundaries. Two classi®cation systems are proposed. In the ®rst
system, the boundary between oligotrophic and mesotrophic categories is de®ned by the lower third of
the cumulative distribution of the values. The mesotrophic±eutrophic boundary is de®ned by the upper
third of the distribution. In the second system, individual streams are placed more precisely in a broad
geographic context by assessing the proportion of streams that have greater or lesser nutrient and chl
values. The proposed relationships for streams were compared to trophic criteria published for lakes.
The proposed trophic boundaries for streams generally include a broader range of values in the meso-
trophic range than conventional criteria for lakes. The ratio of maximum to mean benthic chl for
streams was signi®cantly higher than that found for planktonic chl in lakes, re¯ecting the greater var-
iance in streams. This high variance in streams suggests that the proposed stream trophic criteria should
be viewed only as a general ®rst approach to categorizing stream ecosystems. # 1998 Elsevier Science
Ltd. All rights reserved
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INTRODUCTION

Classi®cation of ecosystems by an index of trophic

state is common in the aquatic sciences. Streams

occasionally are classi®ed as eutrophic or oligo-

trophic (e.g. Hornberger et al., 1977; Kelly and

Whitton, 1995), but no conventional criteria exist

for these terms when applied to lotic systems.

Stream enrichment often leads to increases in algal

biomass (e.g. Dodds et al., 1997; Lohman et al.,

1992, Van Niewenhuyse and Jones, 1996; Welch

et al., 1992), and thus, a trophic classi®cation using

both nutrients and algal biomass seems useful as it

has been for lakes. Autotrophic biomass is import-

ant in many streams as a food source for organisms

(Lamberti, 1996). Being able to place a stream in a

continuum of nutrient concentrations and producer

biomass from a variety of temperate streams should

aid stream researchers and managers in characteriz-

ing ecosystems and facilitate comparative research

and management.

Conventional systems exist for classifying lakes

into trophic categories using nutrients and algal

biomass (e.g., OECD, 1982; Porcella et al., 1980;

Ryding and Rast, 1989). Trophic classi®cations for

lakes have a rich history and stem from di�erences

in lake ecosystem function and phytoplankton com-

munities over the range of lake types (Hutchinson,

1967). General functional characteristics exist

among lakes within each of the major trophic state

categories. Simply put, oligotrophic lakes have low

nutrients, low algal biomass, high clarity, and deep

photic zones, and may support a cold-water ®shery.

Eutrophic lakes can have frequent cyanobacterial

blooms, high total nutrients, and wide swings in dis-

solved oxygen (DO) concentrations (potential

anoxia) and pH. Mesotrophic lakes have intermedi-

ate characteristics. The boundaries placed between

these categories by aquatic scientists are similar but

not universal (e.g., Forsberg and Ryding, 1980;

OECD, 1982; Porcella et al., 1980), in part because
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the perceptions of researchers have provided the

basis for most schemes and true geographic di�er-

ences exist among lakes that justify modifying

criteria for speci®c regions (Jones and Knowlton,

1993). Alternatively, Carlson (1977) constructed a

Trophic State Index (TSI) on a scale of 0 to 100

based on interrelations among chlorophyll (chl),

total phosphorus (TP), and Secchi depth. Each 10

units within this system represent a doubling of TP,

a one-third increase in chl, and a half decrease in

Sechhi depth, thus providing a basis for the scale

and a means to identify nutrient-limited conditions

(Carlson, 1991).

Stream ecosystems have been described on the

basis of carbon sources (Dodds, 1997) and position

in the watershed (Vannote et al., 1980), but bound-

aries separating stream types based on producer

biomass and nutrients across watersheds are lack-

ing. Stream nutrients usually have been observed to

increase as a function of intensity of land use within

the basin (Omernik, 1977; Smart et al., 1985) and

with human population density in the watershed

(Peierls et al., 1991). Historically, speci®c zones

within streams have been identi®ed in relation to

point source inputs of organic pollution and its

impact on dissolved O2, nutrient content and stream

Fig. 1. Cumulative frequency diagram of seasonal mean (A, n= 286) and maximum (B, n= 176)
benthic chl a. The line indicates the log±normal distribution. The distribution of mean benthic chl was
not signi®cantly di�erent from the log±normal distribution (p< 0.15), but that of maximum chl was

(p < 0.005, Kolmogorov±Smirnov).
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biota (Bartsch and Ingram, 1959). These identi®-

cations dealt primarily with longitudinal zones of

degradation and recovery but did not allow charac-

terization of the fertility and productivity of in-

dividual streams relative to others. A trophic index

based on diatoms was proposed for use in the

United Kingdom (Kelly and Whitton, 1995), but

this index is speci®c to a limited region, requires

sophisticated taxonomic skills that are not generally

available, and excludes ®lamentous green algae

which are most commonly associated with nuisance

conditions. Photosynthesis/respiration ratios also

have been suggested as a method to characterize

trophic state in streams (Hornberger et al., 1977),

but this characterization requires intensive monitor-

ing of diel variations in dissolved oxygen concen-

trations and has received little use.

We propose a simple approach for initially char-

acterizing trophic state of streams using the fre-

quency distributions of nutrients and chl to de®ne

the three trophic categories. This approach is

appropriate given the absence of natural trophic

boundaries based on stream ecosystem character-

istics. Using the distribution of values across a large

number of temperate streams, the lowest third rep-

resents the oligotrophic category, the middle third

the mesotrophic category, and the top third is pro-

posed to constitute the eutrophic category. These

frequency diagrams also allow individual streams or

streams within a speci®c geographic area to be

placed in a broader context of stream types

(Omernik, 1977). For example, it may be more

persuasive to argue that a speci®c stream is

eutrophic if 70% of the streams in this data set

have less chl a. We used previously published

data for our analyses.

SOURCES OF DATA

Data on mean and maximum benthic stream chl,

and some of the mean water-column total nitrogen

(TN), and mean TP were taken from a previously

published data set for temperate streams (Dodds et

al., 1997). These data were collected for more than
200 streams or sites in North America and New

Zealand. The majority of the systems were from

temperate habitats. Seasonal means from a single

year (for 2 to 3-month periods) generally were used

for TN, TP and mean benthic chl. These were not
always restricted to summer, because some streams

(e.g., those with deciduous tree cover) may have

more biomass or production at other times of the

year. Seasonal maxima also were taken from this

data set. The data set included sites from low order
streams up to large rivers, and from nutrient

enriched to those with pristine vegetative cover.

Data on planktonic (sestonic) chl and some of
the water column TP data were taken from a di�er-

ent data set (Van Niewenhuyse and Jones, 1996).

These data came from 115 streams for multiple sites

and years (almost 300 separate data points) from a

variety of watershed types and areas in the temper-
ate zone (primarily North America, with some

European streams represented). All TP and chl in

this data set were calculated as growing season

means.

Additional data on water column TN and TP

were taken from a compilation of stream data from

the United States Environmental Protection Agency
National Eutrophication Survey (Omernik, 1977).

These values are represented by means from ap-

proximately monthly sampling of 928 streams over

a period of a year. The streams sampled in this

study were generally small, with watershed use dis-
tributed from pristine forests to fully agricultural.

Fig. 2. Cumulative frequency diagram of sestonic chl for temperate streams (n = 292). The line indi-
cates the log±normal distribution, which was not signi®cantly di�erent from this distribution (p < 0.07,

Kolmogorov±Smirnov).
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RESULTS AND DISCUSSION

Wide distributions of mean and maximum

benthic chl, and water column chl, TN, and TP

were observed within the data sets (Figs 1±3). Some

of the distributions were not signi®cantly di�erent

from a log±normal distribution, but those for maxi-

mum chl and TN were. For this reason, the actual

data distributions were used to set trophic classi®-

cation boundaries. The approximate values marking

the divisions between the lower and middle thirds,

and between the middle and upper thirds of each

distribution were used as boundaries between oligo-

trophic and mesotrophic and between mesotrophic

and eutrophic, respectively (Table 1). Sharp, natural

boundaries in trophic state and functional relations

among the variables have yet to be identi®ed for

streams, so these boundaries should be viewed as

provisional. The boundaries will likely change

somewhat as the database expands, sites from tropi-

cal and polar regions are added, macrophytes are

considered, and functional relationships among

nutrients and algal biomass are developed further in

lotic systems. Nevertheless, the suggested bound-

aries provide general guides to divide the trophic

continuum.

Our trophic categories match another trophic

characterization proposed on the basis of watershed

characteristics for 16 New Zealand streams (Biggs,

1996). The 16 New Zealand streams were divided

into unenriched, moderately enriched, and enriched

categories based upon the amount of agriculture

and geology in each individual watershed. Then the

cumulative frequency distributions were plotted for

benthic chl. About 90% of the values in the unen-

Fig. 3. Cumulative frequency diagram of TP (A, n = 1366) and TN (B, n= 1070) for temperate
streams. The line indicates the log±normal distribution. The TN distribution was signi®cantly di�erent
than the log±normal distribution (p< 0.02) but the TP distribution was not (p < 0.07, Kolmogorov±

Smirnov).
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riched and moderately enriched watersheds fell
below 20 and 100 mg mÿ2 chl respectively. These

categories compare favorably to our proposed
upper boundaries of 20 and 70 mg mÿ2 chl for oli-

gotrophic and mesotrophic systems respectively.

The cumulative frequency diagrams (Figs 1±3)
depict the broad variation inherent in stream chl

and nutrient chemistry when many streams are con-
sidered. The diagrams also provide a relative scale

to locate individual streams of interest along a lar-

ger continuum of nutrients and chl. For example, a
stream may be considered to be moderately

enriched if TN is 1000 mg/l because about 50% of
the streams in our data set have less N (Fig. 3B).

Comparisons of this type may also help identify
functional processes in streams. If a stream has TP

levels in the top 10% of our distribution and either

benthic or sestonic chl in the bottom 10%, some
factor other than nutrients likely is controlling

accrual of biomass. Speci®c functions to determine
the expected relationships between TN:TP and

benthic chl (Dodds et al., 1997) and TP and ses-
tonic chl (Van Niewenhuyse and Jones, 1996) are

available, if more detailed analysis is required.

Previous studies have suggested that benthic chl
above 50±200 mg mÿ2 may represent a cut point for

nuisance conditions (Table 2). These values of chl
have been determined subjectively and there may be

a regional basis for the four-fold range. However,

most of these objectionable levels fall above the
proposed lower boundary for eutrophic streams

(Table 1). About 85% of the streams analyzed in
our database had mean benthic chl below

100 mg mÿ2, and 50% had maximum values below
this level. Therefore, a general suggestion that a

mean of 150 mg mÿ2 represents nuisance levels
agrees with values suggested by other authors

(Table 2).

A positive relationship occurred between seasonal
mean and maximum stream benthic chl (Fig. 4).

The ratio of maximum to mean benthic chl for our
data set was 4.52 (n = 178, std. dev. = 7.61, lower

95% con®dence level 3.39). The ratio of maximum
to mean chl in lakes has been reported to be 1.7±

1.8 by Jones et al. (1979), 2.5 by Chapra and

Tarapchak (1976), and 2.6 by OECD (1982). This
signi®cantly higher ratio for streams and rivers than

for lakes indicates the higher potential variability in
chlorophyll in streams. Probably this higher ratio

for streams can be explained by the in¯uence of
scouring ¯oods (Allan, 1995; Peterson, 1996). Such

hydrologic ¯uctuations between ¯ood and base ¯ow

have been demonstrated to greatly in¯uence stream
chemical constituents and autotrophic biomass

(Lohman et al., 1992; Perkins and Jones, 1994), and
these temporal changes complicate stream charac-

terization.

The papers that analyze nutrient chlorophyll re-
lationships in streams more thoroughly (Dodds et

al., 1997; Van Niewenhuyse and Jones, 1996) have
demonstrated relationships between TN or TP and

chl for streams that are weaker than they are in
lakes. This is probably because high turbidity (non-

algal TN and TP) may be more common in streams

than in lakes. Also, our cumulative frequency distri-
butions for TN and TP contained a large number

of points for which no chl data were available.
Therefore, it may not be advisable to attempt to

tightly link distributions of TN or TP concen-
trations to the benthic chl distributions presented

here.

We evaluated our trophic criteria for streams
against those published for lakes because trophic

state characterization for lakes is more established
through actual use. We compared the areal phyto-

plankton chl content in lakes to benthic chl in

Table 1. Suggested boundaries for trophic classi®cation of streams from cumulative frequency distributions in Figs 1±3. The boundary
between oligotrophic and mesotrophic systems represents the lowest third of the distribution, and the boundary between mesotrophic and

eutrophic marks the top third of the distribution

Variable (units)
Oligotrophic±mesotrophic

boundary
Mesotrophic±eutrophic

boundary N

Mean benthic chlorophyll (mg mÿ2)a 20 70 286
Maximum benthic chlorophyll (mg mÿ2)a 60 200 176
Sestonic chlorophyll (mg lÿ1)b 10 30 292
TN (mg lÿ1)a,c 700 1500 1070
TP (mg lÿ1)a,b,c 25 75 1366

aData from Dodds et al. (1997).
bData from Van Niewenhuyse and Jones (1996).
cData from Omernik (1977).

Table 2. Suggested criteria from various studies for maximum benthic biomass (as chl) levels to avoid problems for recreational and aes-
thetic use in streams

Suggested value or range
(mg chl mÿ2) Comment Reference

150±200 based on perceived impairment Welch et al., 1989
100±150 based on 19 enrichment cases and surveys Welch et al., 1988, Horner et al., 1983
150 guidelines for Clark Fork River Montana, U.S.A. Tristate Implementation Council, 1996
50±100 British Columbia Environment guideline Nordin, 1985
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streams and volumetric planktonic chl concen-

trations in lakes and streams. A popular ®xed

boundary system for trophic classi®cation (OECD,

1982), using chl, TN, TP, and Secchi depth, was

employed for this comparison (Table 3). Assuming

that chl is distributed evenly down to two times the

Secchi depth (roughly the compensation point for

photosynthesis), we also calculated areal chloro-

phyll values for lakes. These data suggest that the

OECD (1982) mesotrophic range for areal chl in

lakes is slightly narrower than the range for

streams. This could be because chl (on an areal

basis) is distributed di�erently in lakes than in

streams or the methods used to de®ne trophic state

in lakes led to drawing boundaries at di�erent

levels. The reader should keep in mind how the

OECD (1982) system was constructed. Data were

provided for a large number of lakes by a number

of investigators. Each investigator signi®ed if their

lakes were oligotrophic, mesotrophic or eutrophic.

The boundaries for each trophic classi®cation were

then derived for all lakes proposed for each of the

three categories.

We used our cumulative frequency method to de-

®ne boundaries for lakes in a similar fashion as that

used for streams. When Smith (1982) data for ap-

proximately 309 lakes and Jones and Knowlton

(1993) data for 94 reservoirs were used, the trophic

boundaries for chl a, TN, and TP of lakes were

similar to those proposed for streams in this paper.

In fact, TP boundaries for lakes and streams from

cumulative frequency distributions were virtually

identical. Thus, our trophic classi®cations for

streams may vary from the OECD values for lakes

largely because of methodology. That is, a statisti-

cal approach to classi®cation of lake trophic state

Fig. 4. Relationship between seasonal mean and maximum benthic chl for 176 temperate streams.

Table 3. Trophic boundaries for lakes from OECD (1982) and lake data reanalyzed using methods in this
paper

Variable
Oligotrophic±mesotrophic

boundary
Mesotrophic±eutrophic

boundary

OECD-based values
Volumetric mean planktonic chl (mg lÿ1)a 2.5 8
Volumetric maximum chl (mg lÿ1)a 8 25
TP (mg lÿ1)a 10 35
Mean Secchi (m)a 6 3
A real mean planktonic chl (mg mÿ2)b 30 48

Based on cumulative frequency distributions from lakes
Planktonic mean chl (mg lÿ1)c 8 25
TP (mg lÿ1)c 25 71
TN (mg lÿ1)c 500 1260

aOECD, 1982 values.
bCalculated from OECD (1982) assuming chlorophyll is distributed evenly to 2 times the Secchi depth.
cSmith (1982) data, n= 309, and Jones and Knowlton (1993) data, n= 94 for Missouri Reservoirs, with

the cumulative frequency method proposed here applied to determine trophic state.
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yielded categories for lakes more similar to those
proposed here for streams, whereas the more sub-

jective methods used by others for lakes yielded
trophic classi®cations less similar to ours.
The distributions presented here can be re®ned as

more data become available, particularly for
benthic and suspended chl. Tropical streams and
rivers may vary from their temperate counterparts

analyzed here. Eutrophic streams may be more
abundant in particular geographic regions. For
example, areas with considerable agricultural ac-

tivity typically have streams with high nutrient con-
tent (Omernik, 1977). Detailed analysis in speci®c
regions may lead to categorization of streams that
has more geographic relevance (e.g. Biggs, 1995;

Biggs, 1996). It is also certain that the distributions
we report are in¯uenced by anthropogenic nutrient
sources and do not represent pristine, background

conditions. The past can not be re-visited and there
are virtually no large, completely pristine temperate
rivers left to construct a data base from, so the next

best approach is to provide a baseline using data
collected over the past few decades. We suggest that
frequency distributions can be used to assist stream

scientists and managers in determining the trophic
states of their individual streams relative to others.
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