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Abstract. Ecoregional differences in geology and hydrology may affect physical and chemical con-
ditions in streams and, consequently, the species composition of algal assemblages. Stresses resulting
from human disturbance, however, may constrain species membership in algal assemblages and
reduce regional diversity. We expected that ecoregional differences in diatom assemblages, if they
were present, would be more evident in relatively undisturbed sites than in randomly selected sites.
Benthic diatom and water chemistry samples were collected from streams in 7 ecoregions of the Mid-
Atlantic Highlands to evaluate correspondence between ecoregional classification and diatom assem-
blages. Ecoregional differences were assessed using 196 randomly selected stream sites (probability
sites) and 60 sites with less disturbance by humans (reference sites). Multivariate analyses showed
that significant ecoregional differences in diatom assemblages were observed only in probability sites
and not in reference sites. Water chemistry was significantly different among ecoregions, both for
probability sites and for reference sites. Significant differences in diatom assemblages and water
chemistry were, however, evident only among ecoregions grouped by topography (i.e., montane, high
plateau, and low plateau/valley). Ecoregional differences between montane regions or low plateau/
valley regions were subtle. Stream sites grouped by catchments were also significantly different in
water chemistry but not in diatom assemblages, both for probability sites and for reference sites. Our
data suggest that diatom assemblages respond to land use, especially agricultural activities, and thus
may correspond to the ecoregional classification when land use differs significantly among these
ecoregions (e.g., montane vs valley ecoregions). Diatom assemblages that lack a region-specific feature
may be ideal as unbiased indicators of stream water quality.

Key words: benthic diatom, catchment, ecoregion, index, Mid-Atlantic Highlands, multivariate
analysis, probability sites, reference sites.

A major goal in predictive ecology is to iden-
tify a few assembly rules for biological assem-
blages (Keddy 1992). Ecologists have searched
for these predictors for decades (MacArthur
1972, Southwood 1977, Grime 1979, Orians
1980). An emerging view is that physical envi-
ronments function like a filter and thus provide
a template for biological assemblages (South-
wood 1977, Keddy 1992, Townsend and Hil-
drew 1994, Poff 1997). A better understanding
of biological assemblages in relation to their en-
vironments can enhance our predictive abilities
in ecological studies and resource management.

Omernik’s (1987, 1995) ecoregion classifica-
tion is an attempt to divide a spatially complex
landscape into regions with relatively homoge-
neous ecosystems, based on climate, soil, geol-
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ogy, and potential vegetation. The classification
may provide a framework for water-resource
management (Omernik 1987). Bioassessment of
stream conditions has been widely recognized
as a valuable tool in water-resource manage-
ment (Karr 1991, Karr and Chu 1999). Benthic
diatoms, for example, can respond to and inte-
grate environmental changes through time (see
review by Stevenson and Pan 1999). However,
the accuracy and precision with which biologi-
cal indicators or indices can be used are largely
determined by how well we can distinguish the
variation in biota caused by natural fluctuations
from the variation resulting from human-relat-
ed disturbance. Ecoregional classification may
distinguish natural variability in biota between
ecoregions, so that robust and sensitive biocri-
teria can be developed for water-resource man-
agement (Hughes and Larsen 1988).
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FIGURE 1. The Mid-Atlantic Highlands (MAH) region showing sampling locations.

The main objective of this study was to ex-
amine correspondence between the Omernik
ecoregion classification and benthic diatom as-
semblages in Mid-Atlantic Highlands (MAH)
streams. First, we expected that diatom assem-
blages would be more similar within ecoregions
than among ecoregions if ecoregional properties
(e.g., climate, geology, vegetation, and soil) have
significant impacts on diatom ecology in
streams. Second, we expected that ecoregional
differences in diatom species composition
would be more evident among relatively undis-
turbed sites than among randomly selected

sites. Human disturbance is likely to reduce
spatial heterogeneity, constrain the species rep-
resented at a site, and mask ecoregional differ-
ences. Also, we looked for correspondence be-
tween benthic diatom assemblages and catch-
ments to assess the effectiveness of an alterna-
tive stream classification system.

Study Area

The MAH region is one of the most diverse
physical and ecological regions in the US (Jones
et al. 1998). Topographic variation creates a mo-
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FIGURE 2. Principal component analysis (PCA) ordination diagrams of the probability sites based on envi-
ronmental variables (only the first 2 PCA axes were plotted). Ecoregions (A) and catchments (B) are indicated
by different symbols. 60 5 Northern Appalachian Plateau and Uplands, 62 5 North Central Appalachians, 66
5 Blue Ridge Mountains, 67 5 Central Appalachian Ridges and Valleys (divided into Ridge and Valley), 69 5
Central Appalachians, 70 5 Western Allegheny Plateau.

saic of strikingly different landscapes. Land-
surface form varies from valley to plateau and
mountainous ridges. Land cover/land use in-
cludes dense forests, industrial fields, urban ar-

eas, mining fields, and agricultural fields
(Woods et al. 1996, Jones et al. 1998). The region
has been delineated into several ecoregions
(Omernik’s 1987 Level III ecoregion classifica-
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TABLE 2. Land use/land cover (%) for Omernik (1987) ecoregions (Level III) in the Mid-Atlantic Highlands
region based on the thematic mapper (TM) version 2 data. Ecoregion codes as in Table 1.

Ecoregion Urban Agriculture Forest Water Wetlands
Mines/quar-

ries Other

60
62
66
67

Ridge
Valley

69
70

0.84
0.73
0.38
2.64
1.03
3.74
0.87
3.81

32.11
4.89

14.55
30.49
13.31
47.23
10.30
22.02

64.52
91.59
84.25
64.85
84.03
47.01
85.89
72.06

1.58
0.88
0.39
0.94
0.59
1.15
0.58
0.94

0.76
1.10
0.13
0.38
0.21
0.50
0.31
0.13

0.02
0.22
0.03
0.36
0.42
0.13
1.72
0.73

0.17
0.59
0.27
0.34
0.41
0.24
0.33
0.31

tion), which include the Northern Appalachian
Plateau and Uplands, the North Central Appa-
lachians, the Blue Ridge Mountains, the Central
Appalachian Ridges and Valleys, the Central
Appalachians, and the Western Allegheny Pla-
teau. For our study, the Central Appalachian
Ridges and Valleys ecoregion was further divid-
ed into 2 separate ecoregions (Ridge, Valley) be-
cause of its contrasting topography. Major char-
acteristics of the 7 ecoregions are summarized
in Table 1. Detailed descriptions of the region
and its ecoregions can be found in Woods et al.
(1996) and Jones et al. (1998).

Methods

Data sets

Correspondence between the ecoregion or
catchment classification and benthic diatom as-
semblages was evaluated using 2 data sets:
probability-based sites and reference sites.

Probability based data set.—A total of 196 sites
within 7 ecoregions was used for ecoregional anal-
yses (Fig.1). Stream sites were selected using a
systematic randomized design. The stream pop-
ulation in the region was estimated from USGS 1:
100,000 scale topographic maps. Sample probabil-
ities were set so that roughly equal numbers of
1st-, 2nd-, and 3rd-order streams would appear in
the sample. These wadeable stream sites were
sampled for periphyton and water chemistry
from late April to early July in 1993, 1994, and
1995. The sampled sites were distributed among
11 major catchments: Allegheny, Delaware, Hud-
son, Kanawha, Lower Chesapeake, Mononga-
hela, Ohio mainstem, Potomac, Roanoke, Sus-
quehanna, and Tennessee. Because of small
sample sizes, sites in Hudson (2), Roanoke (4),

and Tennessee (3) catchments were not included
in the final catchment analysis.

Reference data set.—Two sets of criteria were
used to select relatively undisturbed sites from
196 randomly selected sites. Previous studies in-
dicated that acidification and eutrophication
were major environmental problems in streams
of the region (Herlihy et al. 1990, 1998, Pan et
al. 1996, 1999). Sites were eliminated if acid neu-
tralizing capacity (ANC) was ,0 meq/L or if
SO4

5 concentration was .300 meq/L (Herlihy et
al. 1990) and if total P concentration ([TP]) was
.25 mg/L and total N concentration ([TN]) was
.700 mg/L (Dodds et al. 1998).

Most selected reference sites were in 4 ecore-
gions (Ridge, Valley, North Central Appala-
chians, and Central Appalachians) and 6 catch-
ments (Allegheny, Kanawha, Lower Chesa-
peake, Monongahela, Potomac, and Susquehan-
na). A total of 60 and 53 sites were used for
reference-based ecoregional and catchment
analyses, respectively.

Data collection

Land use.—Land cover/land use for each
ecoregion in the MAH region was estimated
from Landsat satellite images (Thematic Map-
per version 2 data). The resolution of the land
cover/land use data was 30 m (Jones et al. 1998).

Water chemistry.—A cubitainer (4 L) and 4 sy-
ringes (each 60 mL) of stream water were col-
lected at a flowing-water area near the middle
of the stream. The syringes were sealed with a
Luer-lock valve to prevent gas exchange. Within
48 to 72 h of collection, water from the syringe
samples was analyzed for closed headspace
measurements of pH, and the cubitainer sample
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TABLE 3. Principal component analysis (PCA) loadings of environmental variables in the Mid-Atlantic High-
lands streams. ANC 5 acid neutralizing capacity, DIC 5 dissolved inorganic carbon, DOC 5 dissolved organic
C, TSS 5 total suspended solids, TN 5 total N, TP 5 total P.

Variables

PCA axis (reference sites)

I II III

PCA axis (probability sites)

I II III

pH
ANC
Conductivity
Ca
Mg

0.90
0.92
0.96
0.95
0.82

20.32
20.32

0.12
20.17

0.11

0.09
0.08
0.01

20.06
0.10

20.84
20.91
20.90
20.92
20.85

20.50
20.33

0.35
0.23
0.36

0.01
0.05

20.12
20.04
20.17

K
Na
Cl
SO4

Al

0.44
0.60
0.49
0.49

20.39

0.21
0.74
0.81
0.44
0.31

0.01
0.12
0.08

20.18
20.41

20.80
20.78
20.62
20.61

0.42

0.24
0.25
0.33
0.59
0.63

20.07
20.19
20.08
20.24

0.21
DIC
DOC
SiO2

Turbidity
TSS

0.90
0.03
0.08
0.19
0.17

20.34
0.08
0.06

20.15
20.30

0.07
20.40

0.03
20.67
20.73

20.90
20.20
20.32
20.38
20.30

20.18
0.11
0.01
0.15
0.12

0.06
0.52
0.02
0.72
0.81

TP
TN
NH4

NO3

Temperature
Elevation
% of variance

0.32
0.37
0.34
0.32
0.12

20.26
0.46

20.02
0.14
0.30
0.23

20.07
20.40

0.18

20.60
20.75
20.10
20.65
20.12

0.05
0.11

20.42
20.50
20.28
20.43
20.28

0.44
0.51

0.01
0.32
0.30
0.29

20.01
20.09

0.14

0.75
0.36
0.22
0.07
0.14
0.03
0.09

TABLE 4. Mahalanobis distance measures (D2) among the ecoregion centroids of principal component anal-
ysis scores on environmental variables (lower left triangle) and nonmetric multidimension scaling scores on
diatom composition (upper right triangle). Bold numbers indicate that distances were significant at p , 0.05.
Ecoregion codes as in Table 1.

A. Probability sites
Ecoregions 60 62 66 67 Ridge 67 Valley 69 70

60
62
66
67 Ridge
67 Valley
69
70

**
2.56
1.64
1.47
0.26
1.31
0.42

0.16
**

1.74
0.51
2.03
0.51
3.37

0.09
0.08
**

0.44
0.98
2.27
3.54

0.36
0.22
0.09
**

0.81
0.92
0.81

0.63
0.61
0.31
0.11
**

1.32
1.14

0.61
0.35
0.24
0.04
0.12
**

1.41

0.62
0.84
0.41
0.30
0.09
0.40
**

B. Reference sites
Ecoregions 62 67 Ridge 67 Valley 69

62
67 Ridge
67 Valley
69

**
0.89
1.86
1.54

0.21
**

0.60
0.51

0.30
0.73
**

1.65

0.07
0.20
0.16
**
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FIGURE 3. Selected environmental variables and diatom indices (mean 61 SE) with significant (all p 5
0.0001) ecoregional differences (probability sites only; different letters in the figure show significant differences
at p , 0.05). Ecoregion codes as in Fig. 2. R 5 Ridge, V 5 Valley. ANC 5 acid neutralizing capacity, DOC 5
dissolved organic C, TP 5 total P, TSS 5 total suspended solids.

was split into aliquots and preserved (Pan et al.
1996). Base cations were determined by atomic
absorption, anions by ion chromatography, dis-
solved organic C concentration ([DOC]) by a C
analyzer, and [TN] and [TP] by persulfate oxi-
dation. Detailed information on the analytical
procedures can be found in USEPA (1987).

Periphyton.—Periphyton samples were collect-
ed from a study reach (403 the mean wetted
channel width) at each site. The study reaches,
ranging from 150 to 500 m long, were each di-
vided into 11 cross-section transects with equal
length intervals. A periphyton sample was col-

lected in riffle habitats at each of the 11 transects
and combined into a composite sample. Periph-
yton was scraped off coarse substrata from a
defined area of stream bed (12 cm2) with a
toothbrush and rinsed with stream water. For
fine substrata, periphyton was sucked into a 60-
mL syringe. Composite periphyton samples
were then preserved with 37% formalin. A sub-
sample of the preserved periphyton suspension
was acid-cleaned and mounted in HYRAXt to
enumerate diatom species (Patrick and Reimer
1966). A minimum of 500 diatom valves was
counted at 10003 magnification. Patrick and
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FIGURE 3. Continued.

Reimer (1966, 1975) and Krammer and Lange-
Bertalot (1986, 1988, 1991a, 1991b) were used as
primary references for diatom taxonomy.

Data analysis

Periphyton assemblages are dominated by di-
atoms in the MAH streams (Pan et al. 1999).
Because of their high abundance and well-
known taxonomy, only diatoms were used for
analyses in this study.

Principal components analysis (PCA) was
used to identify and summarize major patterns
or trends of water chemistry in the region. All

environmental variables except pH were log-
transformed before analysis. Nonmetric multi-
dimensional scaling (NMDS), a multivariate or-
dination technique (Kenkel and Orloci 1986),
was used to identify diatom distribution pat-
terns with relation to the ecoregion or catchment
classification. If the ecoregion or catchment clas-
sification could group streams with similar bi-
ota, we expected that sites within an ecoregion
or catchment should be more similar than sites
in different ecoregions or catchments, based on
biotic assemblages. Therefore, distinctive clus-
ters of stream sites should be evident, grouped
by ecoregions or catchment. Pair-wise ecological
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FIGURE 4. Principal component analysis (PCA) ordination diagrams of the reference sites based on environ-
mental variables (only the first 2 PCA axes were plotted). Reference sites in ecoregions (A) and catchments (B)
are indicated by different symbols. Ecoregion codes as in Fig. 2.

distances (normalized Euclidean distance) were
calculated for all sites based on diatom species
composition (relative abundance). Euclidean
distances between sites were then projected to
2-dimensional plots with a minimum distortion
by using the NMDS method. The NMDS was
performed using SYSTAT (L. Wilkinson. 1992.
SYSTAT: statistics, version 5.2, SYSTAT, Inc., Ev-
anston, Illinois). A flexible unweighted pair-
group method using arithmetic averages
(UPGMA) clustering method was also used to
classify stream sites based on diatom data (rel-

ative abundance or presence/absence). The
UPGMA was performed using the Bray–Curtis
association measure with a b value of 20.1, us-
ing PATN (L. Belbin. 1993. PATN, pattern anal-
ysis package, Division of Wildlife and Ecology,
CSIRO, Canberra, Australia).

The PCA (3 axes) and NMDS (2 axes) sample
scores were used as composite variables of wa-
ter chemistry and diatom assemblages, respec-
tively, in canonical discriminant analyses (CDA)
to assess ecoregion or catchment (Jackson and
Harvey 1989). Overall ecoregion or catchment
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TABLE 5. Correspondence between ecoregion- and diatom-based stream classification. The numbers are
sampled stream sites. Stream sites were classified based on diatom relative abundance and presence/absence
(binary) data using the UPGMA (unweighted pair-group method using arithmetic averages) clustering method.
Ecoregion codes as in Table 1.

A. Probability sites

Ecoregions

Diatom-based stream clusters

Abundance data

I II III IV V VI VII

Binary data

I II III IV V VI VII

60
62
66
67 Ridge
67 Valley
69
70

0
1
2
7
1

12
3

0
7
2
2
2
7
5

0
3
3
4
9

10
4

8
3
2
5
2
3
2

6
8
1
6
0
7
8

1
0

10
6
0
6
0

1
9
0
4
2

12
0

1
4
2
7
1

18
2

13
10
2
8
0

12
1

2
6

10
5
0
9
2

0
1
2
2
4

10
7

0
4
3
2
7
3
8

0
3
1
9
4
4
2

0
3
0
1
0
1
0

B. Reference sites

Ecoregions

Diatom-based stream clusters

Abundance data

I II III IV

Binary data

I II III

62
67 Ridge
67 Valley
69

0
7
3
5

3
3
3
4

9
7
0
7

2
1
2
4

1
7
2
9

11
4
1
8

2
7
5
3

differences were assessed using multivariate
analysis of variance (MANOVA). Mahalanobis
distances, which are squared distance measures
between centroids of ecoregions or catchment in
the space defined by CDA, were used to eval-
uate group-specific differences among ecore-
gions or catchments using SAS (1985. SAS user’s
guide: statistics, SAS Institute, Cary, North Car-
olina; Jackson and Harvey 1989). Univariate sta-
tistical analyses (ANOVA and Tukey test) were
also used to assess ecoregion or catchment dif-
ferences in terms of individual environmental
variables (Zar 1984).

The Siltation Index, a summation of the rela-
tive abundance of all motile diatoms, was cal-
culated following Bahls (1993). The Trophic Di-
atom Index was calculated following Kelly and
Whitton (1995).

Results

Ecoregional classification and benthic diatom
assemblages

Dominant types of land cover/land use var-
ied along a topographic gradient (Table 2). Mon-

tane and elevated plateau ecoregions (Blue
Ridge Mountains, Ridge, North Central Appa-
lachians, and Central Appalachians) were cov-
ered by a high proportion of forests (mean 5
86.4%). Agricultural activities were relatively in-
tense in valley and low plateau ecoregions (Val-
ley, Northern Appalachian Plateau and Uplands,
and Western Allegheny Plateau, mean 5 33.8%).

Probability sites.—The PCA showed 3 major
water chemistry gradients among probability
stream sites (Fig. 2). Three PCA axes accounted
for 74% of variance in the data set (Table 3). Axis
I may represent a geochemical gradient. The
axis was highly correlated with ionic strength
(e.g., ANC, conductivity, and pH) (Table 3). Axis
II may indicate effects of acidification on stream
water chemistry. This axis was correlated posi-
tively with total dissolved Al and SO4

5 concen-
trations and negatively with pH. Axis III was
correlated with total suspended solids (TSS),
[TP], and [DOC], variables commonly associat-
ed with agricultural activities.

Measured environmental characteristics at
probability sites were significantly different
among ecoregions (MANOVA, Wilks’s l F18,529 5
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FIGURE 5. Nonmetric multidimensional scaling ordination diagrams of the probability sites based on diatom
assemblages (only the first 2 ordination axes were plotted). Ecoregions (A) and catchments (B) are indicated by
different symbols. Ecoregion codes and numbers of sites as in Fig. 2.

6.03, p 5 0.0001). Mahalanobis distances of the
3 PCA axis scores on all environmental variables
divided the 7 ecoregions into 4 groups: 1) low
plateau and valley ecoregions (Northern Appa-
lachian Plateau and Uplands [60], Western Al-
legheny Plateau [70], and Valley [67]), 2) moun-

tainous ridge ecoregions (Ridge [67] and Blue
Ridge Mountains [66]), 3) northern high plateau
(North Central Appalachians [62]), and 4)
north-central high plateau (Central Appala-
chians [69]) (Table 4). These groups were delin-
eated based on significant differences among
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FIGURE 6. Nonmetric multidimensional scaling ordination diagrams of the reference sites based on diatom
assemblages (only the first 2 ordination axes were plotted). Ecoregions (A) and catchments (B) are indicated by
different symbols. Ecoregion codes as in Fig. 2 and numbers of sites as in Fig. 4.

ecological distance measures. For example, the
Mahalanobis distances were not significantly
different among the 3 ecoregions within group
1. Multiple comparison tests showed that some
ecoregions were significantly different in alti-
tude, temperature, ionic strength (e.g., conduc-
tivity), and nutrients (e.g., [TP]) (Fig. 3). For ex-
ample, the West Allegheny Plateau Ecoregion
(70) had significantly higher conductivity than
the North Central Appalachians (62), Blue
Ridge Mountains (66), Ridge (67), and Central
Appalachians (69). However, overlaps in these

environmental variables among some ecore-
gions were evident (Fig. 3).

Species composition of diatom assemblages at
probability sites was significantly different
among some ecoregions (MANOVA, Wilks’s l
F12,376 5 1.95, p 5 0.03). The centroid of the
North Central Appalachians (62) was signifi-
cantly different from that of the Central Appa-
lachians (69), Western Allegheny Plateau (70),
and Valley (67) ecoregions (p , 0.05) (Table 4).
The centroid of the Central Appalachians was
also significantly different from that of the
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Northern Appalachian (60) and Western Alle-
gheny Plateau (70) ecoregions (p , 0.05). Two
diatom indices were significantly different
among probability sites grouped by ecoregions
(Fig. 3). A multiple comparison test showed that
the Siltation Index was significantly higher in
the Northern Appalachian Plateau and Uplands
(60) than in the rest of the ecoregions (p , 0.05).
Probability sites in ecoregion 60 also had a sig-
nificantly higher Trophic Diatom Index value
than sites in the North Central Appalachians
(62), Central Appalachians (69), and Ridge and
Valley (67) ecoregions (p , 0.05) (Fig. 3).

Reference sites.—The PCA also showed 3 major
water chemistry gradients among reference
stream sites (Fig. 4). Three PCA axes accounted
for 75% of variance in the data set (Table 3). The
environmental gradients represented by the first
3 PCA axes were similar to those in the proba-
bility sites (Table 3). Ecoregions also differed
significantly in environmental characteristics at
reference sites (MANOVA, Wilks’s l F9,132 5 2.47,
p 5 0.01). Ecoregional centroids were signifi-
cantly different between the Valley (67) and
high plateau ecoregions (62 and 69) (Table 4).
Differences among ecoregions in measured en-
vironmental variables were not statistically sig-
nificant, except for SiO2. Concentrations of SiO2

in the Ridge (67) and Valley (67) ecoregions
were significantly higher than in the North Cen-
tral Appalachians (62) and Central Appala-
chians (69) ecoregions (p , 0.05).

Species composition of diatom assemblages at
reference sites was not significantly different
among 4 ecoregions (MANOVA, Wilks’s l F6,110

5 0.84, p 5 0.54). There were no statistically sig-
nificant differences at reference sites among
ecoregions for the Trophic Diatom Index (p 5
0.42) and Siltation Index (p 5 0.34).

Although diatom assemblages differed signif-
icantly among some ecoregions, overall corre-
spondence between ecoregion- and diatom-
based stream classification was poor, regardless
of data set (probability or reference sites) or data
type (relative abundance or presence/absence)
(Figs 5 and 6, Table 5). Common diatom species
distributed in .3 sites in at least 1 ecoregion are
listed in the appendix.

Catchment classification and benthic diatom
assemblages

Probability sites.—Stream sites grouped by
catchments were significantly different in envi-

ronmental characteristics (MANOVA, Wilks’s l
F21,509 5 3.47, p 5 0.0001). The centroid of the
Lower Chesapeake catchment was significantly
different from those of the rest of the catch-
ments (p , 0.05) (Table 6). The centroid of the
Allegheny catchment also differed significantly
from those of the rest of the catchments, except
for the Delaware and Monongahela catchments
(p , 0.05) (Table 6). Multiple comparison tests
showed that sites in some catchments were sig-
nificantly different in altitude, temperature, ion-
ic strength (e.g., conductivity), and nutrients
(e.g., [TN]) (Fig. 7). For example, the Ohio main-
stem catchment had significantly higher pH and
ANC than those of the Allegheny and Monon-
gahela catchments (Fig. 7). Overlaps were also
evident in these environmental variables among
some catchments.

The MANOVA of the NMDS scores showed
no significant difference among probability
catchment sites in diatom species composition
(Wilks’s l F14,356 5 1.65, p 5 0.06). However, the
Trophic Diatom Index differed significantly
among probability catchment sites (p 5 0.003)
(Fig. 7), and was significantly lower in the Mo-
nongahela catchment than in the Ohio main-
stem and Susquehanna catchments.

Reference sites.—The MANOVA of reference sites
showed a significant difference among catchments
in measured environmental variables (Wilks’s l
F15,125 5 2.65, p 5 0.002), but no significant differ-
ence in diatom species composition (Wilks’s l F6,110

5 0.84, p 5 0.54). There were also no statistically
significant differences among reference catchment
sites for the Trophic Diatom Index (p 5 0.40) and
Siltation Index (p 5 0.61).

Discussion

Ecoregional classification and benthic diatom
assemblages

Biological assemblages are often the result of a
complex interplay among several ecological pro-
cesses at different temporal and spatial scales
(O’Neill et al. 1986, Menge and Olson 1990). As a
result, membership of the biological assemblages
may be determined by the relative importance of
the multiple factors (e.g., regional vs local) (Rick-
lefs 1987, Jackson and Harvey 1989). Correspon-
dence between the ecoregional classification and
the biota should depend on the extent to which
environmental variables differ between ecore-
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TABLE 6. Mahalanobis distance measures (D2) among the catchment centroids of principal component anal-
ysis scores on environmental variables (lower left triangle) and nonmetric multidimensional scaling scores on
diatom composition (upper right triangle). Bold numbers indicate that distances were significant at p , 0.05.

A. Probability sites

Catchment Allegheny Delaware Kanawha

Lower
Chesa-
peake

Mononga-
hela

Ohio
mainstem Potomac

Susque-
hanna

Allegheny
Delaware
Kanawha
Lower Chesapeake
Monongahela
Ohio mainstem
Potomac
Susquehanna

**
0.87
1.67
4.87
0.41
1.51
0.87
0.91

0.07
**

0.19
1.71
0.75
1.01
0.00
0.21

0.27
0.12
**

1.06
1.09
1.10
0.16
0.20

0.37
0.13
0.05
**

3.72
3.94
1.73
2.09

0.34
0.30
0.10
0.28
**

1.72
0.72
0.43

1.21
0.71
0.71
0.39
1.32
**

0.92
0.80

0.30
0.18
0.01
0.10
0.04
0.88
**

0.16

0.07
0.00
0.16
0.16
0.35
0.71
0.22
**

B. Reference sites

Catchment Allegheny Kanawha

Lower
Chesa-
peake

Mononga-
hela Potomac

Susque-
hanna

Allegheny
Kanawha
Lower Chesapeake
Monongahela
Potomac
Susquehanna

**
4.15
6.49
5.29
1.46
0.92

0.75
**

1.43
1.43
0.94
1.25

1.92
0.27
**

5.69
3.27
3.64

0.03
1.00
2.33
**

1.69
2.06

0.69
0.14
0.58
0.85
**

0.17

0.22
0.24
1.01
0.32
0.13
**

gions, and on the strength of linkages between the
biota and ecoregional variables.

Ecoregions, a nonhierarchically based classi-
fication system, may poorly correspond to com-
ponents of the biota that are strongly regulated
by local factors. Algae, macroinvertebrate, and
fish assemblages respond to environmental
changes at different temporal and spatial scales
because of their differing life histories, physiol-
ogies, and mobilities. Thus, changes in each as-
semblage may reflect environmental conditions
of hierarchically organized stream habitats and
associated human influences (e.g., microhabitat,
channel unit, reach, and catchment) (Frissel et
al. 1986). Whittier et al. (1988) compared ecore-
gional differences in periphyton, macroinverte-
brates, and fish in 48 Oregon streams, and
found that correspondence between ecoregions
and the biota was clearest in fish and very sub-
tle in periphyton. Their results are consistent
with other studies showing scale-specific deter-
minants for the biota. For instance, ;50% of var-
iability in fish assemblages measured as the In-
dex of Biological Integrity (Karr 1991) was ex-
plained by land use in catchments (Roth et al.
1996). Macroinvertebrate species traits and spe-

cies compositions exhibited much stronger re-
lationships to local environmental conditions
(e.g., at reach scale) than to catchment variables
(Carter et al. 1996, Richards et al. 1997). Pan et
al. (1999) showed that spatial patterns of diatom
assemblages in the MAH were best discrimi-
nated by both land cover/land use in catch-
ments and by site-specific factors such as ripar-
ian conditions. Benthic diatoms in the MAH
streams may respond much more strongly to lo-
cal conditions than to regional factors such as
climate, geology, soil, and vegetation.

Ecoregions, benthic diatom assemblages, and
probability sites

Diatom assemblages may correspond to the
ecoregional classification when overall land use
differs significantly among these ecoregions.
Correspondence between the biota and ecore-
gions is often clearest among ecoregions along
topographic gradients (e.g., montane vs valley
ecoregions) (Larsen et al. 1986, Whittier et al.
1988, Harding et al. 1997, Maret et al. 1997).
Cluster analysis of the 89 MAH stream sites
showed that eutrophic stream sites were more
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FIGURE 7. Selected environmental variables and diatom indices (mean 61 SE) with significant (p-values shown
in each panel) differences among catchments (probability sites only; different letters in the figure show significant
differences at p , 0.05). ANC 5 acid neutralizing capacity, DOC 5 dissolved organic C, TN 5 total N.

frequently present in valley, low plateau, and
coastal plain ecoregions with dense human set-
tlement and intensive land use (Pan et al. 1999).
Relatively few eutrophic sites were present in
other ecoregions. Significant ecoregional differ-
ences in the Trophic Diatom Index and Siltation
Index, diatom-based indices that indicate tro-
phic changes (Bahls 1993, Kelly and Whitton
1995), suggested ecoregional differences in
land-use activities. Our data showed that ecore-
gional differences in diatom assemblages be-
came subtle after we removed the sites that

were severely affected by eutrophication and
acidification, and assessed only the reference
sites. Correspondence between ecoregions and
diatoms along the topographic gradient may
largely result from variations in the frequency
of occurrence of disturbed sites in ecoregions
with different topography.

Ecoregions, benthic diatom assemblages, and
reference sites

The lack of correspondence between ecore-
gions and diatoms in reference sites may be
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FIGURE 7. Continued.

partly related to how reference sites are defined
and selected (Hughes 1995, Omernik 1995). Our
reference sites were defined by the same sets of
criteria for all ecoregions. Other workers’ criteria
for selecting reference sites may be ecoregion-
specific (i.e., they select the least-impacted sites
in each ecoregion) (Whittier et al. 1988). The
least-impacted sites in a highly disturbed ecore-
gion such as valleys may be highly impacted
compared to the least-impacted sites for a rela-
tively undisturbed montane ecoregion. Ecore-
gion-specific criteria for reference-site selection
may increase the likelihood of detecting ecore-
gional differences, but this approach may be

problematic because of circularity in the process
of environmental assessment (Omernik 1995).

Ecoregions were delineated on a composite of
several qualitative variables (Omernik 1995).
The relative importance of each variable may
vary from one ecoregion to another. If sampled
stream sites are selected from the most typical
portion of the ecoregion that shares all 4 land
characteristics (e.g., climate, soil, geology, and
potential vegetation, Whittier et al. 1988), there
may be more likelihood of detecting ecoregional
differences. In our study, the stream sites were
selected randomly from the region. A random
sampling design may include many sites that
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are located in transitional zones among ecore-
gions. Overlaps among ecoregions were evident
in both PCA and NMDS plots. These sites may
mask ecoregional differences if boundaries be-
tween ecoregions are not always sharp (Woods
et al. 1996).

Dense riparian vegetation in small streams in
the MAH region and temporal variability in di-
atom assemblages may also contribute to the
lack of ecoregional differences in diatom assem-
blages. Of the 89 sites randomly selected from
the MAH region, 46% were 1st-order streams
and the rest were 2nd- and 3rd-order streams in
approximately equal proportions (Pan et al.
1999). The mean wetted stream width was 5.1
m. Stream channels were usually well-shaded,
averaging 83.4% bank-side and 76.1% mid-
channel riparian canopy. Shading in small
streams may constrain the number of diatom
species. Diatom assemblages in the MAH
streams are dominated by a few species such as
Achnanthes minutissima, Cymbella minuta, and Sy-
nedra rumpens. Most of them are cosmopolitan
and are early successional species (Lowe 1974).
Diatom samples were collected over 3 mo in
each year for 3 y. Temporal variation, although
not assessed in this study, can potentially be a
confounding factor.

River catchment classification and benthic diatom
assemblages

Correspondence between river catchments
and benthic diatom assemblages was worse
than between ecoregions and diatom assem-
blages. Stream sites grouped by catchments
were significantly different in altitude, temper-
ature, and water chemistry. However, diatom as-
semblages were not significantly different
among any catchments for either probability or
reference sites. Catchments, delineated by to-
pographic divides, are hydrological units. Such
a spatial framework may not necessarily corre-
spond to spatial patterns of biota and their eco-
logical determinants (Omernik and Griffith
1991).

In summary, benthic diatoms may respond to
local environmental conditions more strongly
than to ecoregional variables. Therefore, the
nonhierarchically based ecoregion classification
may not correspond well to benthic diatom as-
semblages in the MAH streams. The similarity
among ecoregions in diatom species composi-

tion at reference sites makes it possible to use
diatoms as indicators of stream conditions and
ecological health. A single set of diatom indi-
cators of stream conditions should be applicable
over relatively broad regions, be sensitive to en-
vironmental changes, and be able to distinguish
between natural environmental changes and
those induced by human activities. Our results
suggest that this indicator system should be
precise without establishing different reference
expectations and without varying metrics
among regions. In larger streams, or in other
regions with different hydrogeomorphology or
greatly different climate, the same diatom met-
ric system may not be as readily transferable as
it is within the MAH. It will be necessary to
assess differences in sensitivity and precision of
algal indicators of environmental conditions and
biotic integrity among stream types and among
greatly different regions before accepting dia-
toms as a reliable and universal tool for the en-
vironmental assessment of streams.

Acknowledgements

This research was funded by the US Environ-
mental Protection Agency through a cooperative
agreement with Oregon State University
(#CR821738) and the University of Louisville
(#R824783). The manuscript has been subjected
to the agency’s peer and administrative review
and approved for publication. Mention of trade
names or commercial products does not consti-
tute endorsement or recommendation for use.
We thank Patti Grace-Jarrett and Kalina Man-
oylova for counting diatoms, and Barb Rosen-
baum for preparing the site map. The comments
of Richard Norris, Chuck Hawkins, David Ro-
senberg, and 2 anonymous reviewers greatly
improved the quality of the manuscript.

Literature Cited

BAHLS, L. L. 1993. Periphyton bioassessment methods
for Montana streams. Water Quality Bureau, De-
partment of Health and Environmental Sciences,
Helena, Montana. (Available from: Water Quality
Bureau, Department of Health and Environmen-
tal Sciences, Room A-206 Cogswell Building, 1400
Broadway, Helena, Montana 59620 USA.)

CARTER, J. L., S. V. FEND, AND S. S. KENNELLY. 1996.
The relationships among three habitat scales and
stream benthic invertebrate community structure.
Freshwater Biology 35:109–124.



2000] 535ECOREGIONS AND BENTHIC DIATOMS

DODDS, W. K., J. R. JONES, AND E. B. WELCH. 1998.
Suggested classification of stream trophic state:
distribution of temperate stream types by chlo-
rophyll, total nitrogen, and phosphorus. Water
Resources Research 32:1455–1462.

FRISSELL, C. A., W. J. LISS, C. E. WARREN, AND M. D.
HURLEY. 1986. A hierarchical framework for
stream habitat classification: viewing streams in
a watershed context. Environmental Management
10:199–214.

GRIME, J. P. 1979. Plant strategies and vegetation pro-
cesses. Wiley-Interscience, Chichester, UK.

HARDING, J. S., M. J. WINTERBOURN, AND W. F. MC-
DIFFETT. 1997. Stream faunas and ecoregions in
South Island, New Zealand: do they correspond?
Archiv für Hydrobiologie 140:289–307.

HERLIHY, A. T., P. R. KAUFMANN, M. E. MITCH, AND

D. D. BROWN. 1990. Regional estimates of acid
mine drainage impact on streams in the Mid-At-
lantic and Southeastern United States. Water, Air,
and Soil Pollution 50:91–107.

HERLIHY, A. T., J. L. STODDARD, AND C. B. JOHNSON.
1998. The relationship between stream chemistry
and watershed land cover data in the Mid-Atlan-
tic region, U. S. Water, Air, and Soil Pollution 105:
377–386.

HUGHES, R. M. 1995. Defining acceptable biological
status by comparing with reference conditions.
Pages 31–47 in W. S. Davis and T. P. Simon (edi-
tors). Biological assessment and criteria. Tools for
water resource planning and decision making.
Lewis Publishers, Boca Raton, Florida.

HUGHES, R. M., AND D. P. LARSEN 1988. Ecoregions:
an approach to surface water protection. Journal
of the Water Pollution Control Federation 60:486–
493.

JACKSON, D. A., AND H. H. HARVEY. 1989. Biogeo-
graphic associations in fish assemblages: local vs.
regional processes. Ecology 70:1472–1484.

JONES, K. B., K. H. RIITTERS, J. D. WICKHAM, R. D.
TANKERSLEY, R. V. O’NEILL, D. J. CHALOUD, E. R.
SMITH, AND A. C. NEALE. 1998. An ecological as-
sessment of the United States Mid-Atlantic Re-
gion: a landscape atlas. EPA/600/R-97/130. Of-
fice of Research and Development, US Environ-
mental Protection Agency, Washington, DC.

KARR, J. R. 1991. Biological integrity: a long-neglected
aspect of water resource management. Ecological
Applications 1:66–84.

KARR, J. R., AND E. W. CHU. 1999. Restoring life in
running waters: better biological monitoring. Is-
land Press, Washington, DC.

KEDDY, P. A. 1992. Assembly and response rules: two
goals for predictive community ecology. Journal
of Vegetation Science 3:157–164.

KELLY, M. G., AND B. A. WHITTON. 1995. The trophic
diatom index: a new index for monitoring eutro-

phication in rivers. Journal of Applied Phycology
7:433–444.

KENKEL, N. C., AND L. ORLOCI. 1986. Applying metric
and non-metric multidimensional scaling to eco-
logical studies: some new results. Ecology 67:919–
928.

KRAMMER, K., AND H. LANGE-BERTALOT. 1986. Bacil-
lariophyceae, Teil 1. Naviculaceae. VEB Gustav
Fisher Verlag, Jena.

KRAMMER, K., AND H. LANGE-BERTALOT. 1988. Bacil-
lariophyceae, Teil 2. Epithemiaceae, Bacillariaceae,
Surirellaceae. VEB Gustav Fisher Verlag, Jena.

KRAMMER, K., AND H. LANGE-BERTALOT. 1991a. Bacil-
lariophyceae, Teil 3. Centrales, Fragilariaceae, Eu-
notiaceae, Achnanthaceae. VEB Gustav Fisher
Verlag, Jena.

KRAMMER, K., AND H. LANGE-BERTALOT. 1991b. Bacil-
lariophyceae, Teil 4. Achnanthaceae, Kritische Er-
ganzungen zu Navicula (Lineolatae) und Gom-
phonema. VEB Gustav Fisher Verlag, Jena.

Larsen, D. P., R. M. Hughes, C. M. Rohm, T. R. Whit-
tier, A. J. Kinney, A. L. GALLANT, AND D. R. DUD-
LEY. 1986. Correspondence between spatial pat-
terns in fish assemblages in Ohio streams and
aquatic ecoregions. Environmental Management
10:815–828.

LOWE, R. L. 1974. Environmental requirements and
pollution tolerance of freshwater diatoms. EPA-
670/4–74–005. Office of Research and Develop-
ment, US Environmental Protection Agency, Cin-
cinnati, Ohio.

MACARTHUR, R. H. 1972. Geographic ecology: pat-
terns in the distribution of species. Harper and
Row, New York.

MARET, T. R., C. T. ROBINSON, AND G. W. MINSHALL.
1997. Fish assemblages and environmental cor-
relates in least-disturbed streams of the Upper
Snake River Basin. Transactions of the American
Fisheries Society 126:200–216.

MENGE, B. A., AND A. M. OLSON. 1990. Role of scale
and environmental factors in regulation of com-
munity structure. Trends in Ecology and Evolu-
tion 5:52–57.

OMERNIK, J. M. 1987. Ecoregions of the conterminous
United States. Annals of the Association of Amer-
ican Geographers 77:118–125.

OMERNIK, J. M. 1995. Ecoregions: a spatial framework
for environmental management. Pages 49–62 in
W. S. Davis and T. P. Simon (editors). Biological
assessment and criteria. Tools for water resource
planning and decision making. Lewis Publishers,
Boca Raton, Florida.

OMERNIK, J. M., AND G. E. GRIFFITH. 1991. Ecological
regions versus hydrologic units: frameworks for
managing water quality. Journal of Soil and Water
Conservation 46:334–340.

O’NEILL, R. V., D. L. DEANGELIS, T. F. H. ALLEN, AND

J. B. WAIDE. 1986. A hierarchical concept of eco-



536 [Volume 19Y. PAN ET AL.

systems. Monographs in Population Biology 23.
Princeton University Press, Princeton, New Jersey.

ORIANS, G. H. 1980. Micro and macro in ecological
theory. BioScience 30:79.

PAN, Y., R. J. STEVENSON, B. HILL, A. HERLIHY, AND G.
COLLINS. 1996. Using diatoms as indicators of
ecological conditions in lotic systems: a regional
assessment. Journal of the North America Ben-
thological Society 15:481–495.

PAN, Y., R. J. STEVENSON, B. HILL, P. KAUFMANN, AND

A. HERLIHY. 1999. Spatial patterns and ecological
determinants of benthic algal assemblages in the
Mid-Atlantic streams. Journal of Phycology 35:
460–468.

PATRICK, R., AND C. W. REIMER. 1966. The diatoms of
the United States. Vol. 1. Monographs of the
Academy of Natural Sciences of Philadelphia
No.13.

PATRICK, R., AND C. W. REIMER. 1975. The diatoms of
the United States. Vol. 2, Part 1. Monographs of
the Academy of Natural Sciences of Philadelphia
No.13.

POFF, N. L. 1997. Landscape filters and species traits:
towards mechanistic understanding and predic-
tion in stream ecology. Journal of North America
Benthological Society 16:391–409.

RICHARDS, C., R. J. HARO, L. B. JOHNSON, AND G. E.
HOST. 1997. Catchment and reach-scale properties
as indicators of macroinvertebrate species traits.
Freshwater Biology 37:219–230.

RICKLEFS, R. E. 1987. Community diversity: relative
roles of local and regional processes. Science 235:
167–171.

ROTH, N. E., J. D. ALLAN, AND D. L. ERICKSON. 1996.
Landscape influences on stream biotic integrity

assessed at multiple spatial scales. Landscape
Ecology 11:141–156.

SOUTHWOOD, T. R. E. 1977. Habitat, the templet for
ecological strategies? Journal of Animal Ecology
46:337–365.

STEVENSON, R. J., AND Y. PAN. 1999. Assessing ecolog-
ical conditions in rivers and streams with dia-
toms. Pages 11–40 in E. Stoermer and J. P. Smol
(editors). The diatoms: applications to environ-
mental and earth Sciences. Cambridge University
Press, Cambridge, UK.

TOWNSEND, C. R., AND A. G. HILDREW. 1994. Species
traits in relation to a habitat templet for river sys-
tems. Freshwater Biology 31:265–275.

USEPA (US ENVIRONMENTAL PROTECTION AGENCY).
1987. Handbook of methods for acid deposition
studies: laboratory analysis for surface water
chemistry. EPA 600/4-87/026. Office of Research
and Development, US Environmental Protection
Agency, Washington, DC.

WHITTIER, T. R., R. M. HUGHES, AND D. P. LARSEN.
1988. The correspondence between ecoregions
and spatial patterns in stream ecosystems in
Oregon. Canadian Journal of Fisheries and Aquat-
ic Sciences 45:1264–1278.

WOODS, A. J., J. M. OMERNIK, D. D. BROWN, AND C.
W. KIILSGAARD. 1996. Level III and IV ecoregions
of Pennsylvania and the Blue Ridge Mountains,
the Ridge and Valley, and the Central Appala-
chians of Virginia, West Virginia, and Maryland.
EPA/600/R-96/077. National Health and Envi-
ronmental Effects Research Laboratory, US Envi-
ronmental Protection Agency, Corvallis, Oregon.

ZAR, J. H. 1984. Biostatistical analysis. 2nd edition.
Prentice-Hall, Englewood Cliffs, New Jersey.

Received: 11 January 1999
Accepted: 28 April 2000



2000] 537ECOREGIONS AND BENTHIC DIATOMS

A
P

P
E

N
D

IX
.

C
om

m
on

be
nt

hi
c

d
ia

to
m

sp
ec

ie
s

in
th

e
M

id
-A

tl
an

ti
c

H
ig

hl
an

d
s

st
re

am
s.

Ta
xa

lis
te

d
oc

cu
rr

ed
at

.
3

si
te

s
in

ea
ch

ec
or

eg
io

n.
Si

te
s

fr
om

w
hi

ch
a

ta
xo

n
w

as
ab

se
nt

w
er

e
ex

cl
ud

ed
in

th
e

ca
lc

u
la

ti
on

of
m

ea
n

re
la

ti
ve

ab
u

nd
an

ce
.6

0
5

N
or

th
er

n
A

p
p

al
ac

hi
an

P
la

te
au

an
d

U
pl

an
d

s,
62

5
N

or
th

C
en

tr
al

A
p

p
al

ac
hi

an
s,

66
5

B
lu

e
R

id
ge

M
ou

nt
ai

ns
,

67
5

C
en

tr
al

A
p

p
al

ac
hi

an
R

id
ge

s
an

d
Va

lle
ys

(d
iv

id
ed

in
to

R
id

ge
[R

]
an

d
Va

lle
y

[V
])

,
69

5
C

en
tr

al
A

p
p

al
ac

hi
an

s,
70

5
W

es
te

rn
A

lle
gh

en
y

P
la

te
au

. Ta
xa

E
co

re
gi

on
:

N
o.

of
si

te
s:

O
cc

u
rr

en
ce

60 16
62 31

66 20
69 57

67
R

34
67

V
16

70 22

M
ea

n
re

la
ti

ve
ab

u
nd

an
ce

(%
)

60
62

66
69

67
R

67
V

70

A
ch

na
nt

he
s

bi
as

ol
et

ti
an

a
(K

ü
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ü
tz

.
S.

br
eb

is
on

ii
K

.&
L

-B
.

15 12 8

20 11 6 1

10 6 5 1

29 17 14 3

22 12 8 3

7 3 3 3

13 9 7 8

7.
5

4.
0

0.
5

2.
8

1.
1

1.
3

0.
4

1.
9

6.
2

1.
2

0.
7

2.
3

4.
7

0.
7

0.
4

2.
2

4.
5

0.
8

2.
1

1.
6

1.
1

0.
9

0.
9

2.
4

7.
4

1.
5

3.
9

S.
m

in
ut

a
B

ré
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