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SUMMARY

1. We quantified the relationships between diatom relative abundance and water conductivity

and ionic composition, using a dataset of 3239 benthic diatom samples collected from 1109 river

sites throughout the U.S.A. [U.S. Geological Survey National Water-Quality Assessment

(NAWQA) Program dataset]. This dataset provided a unique opportunity to explore the

autecology of freshwater diatoms over a broad range of environmental conditions.

2. Conductivity ranged from 10 to 14 500 lS cm)1, but most of the rivers had moderate

conductivity (interquartile range 180–618 lS cm)1). Calcium and bicarbonate were the dom-

inant ions. Ionic composition, however, varied greatly because of the influence of natural and

anthropogenic factors.

3. Canonical correspondence analysis (CCA) and Monte Carlo permutation tests showed that

conductivity and abundances of major ions (HCO�
3 + CO2�

3 , Cl), SO2�
4 , Ca2+, Mg2+, Na+, K+) all

explained a statistically significant amount of the variation in assemblage composition of

benthic diatoms. Concentrations of HCO�
3 + CO2�

3 and Ca2+ were the most significant sources

of environmental variance.

4. The CCA showed that the gradient of ionic composition explaining most variation in diatom

assemblage structure ranged from waters dominated by Ca2+ and HCO�
3 + CO2�

3 to waters with

higher proportions of Na+, K+, and Cl). The CCA also revealed that the distributions of some

diatoms correlated strongly with proportions of individual cations and anions, and with the

ratio of monovalent to divalent cations.

5. We present species indicator values (optima) for conductivity, major ions and proportions of

those ions. We also identify diatom taxa characteristic of specific major-ion chemistries. These

species optima may be useful in future interpretations of diatom ecology and as indicator

values in water-quality assessment.
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Introduction

Diatoms are the most common and diverse group of

algae in many rivers and streams, and thus are

important components of these ecosystems (Round,

1981). Although it is well known that salinity

and concentrations of major ions have a strong

influence on distributions of individual diatom taxa

(Cholnoky, 1968), the relative importance of these

factors has rarely been studied at large regional scales,

and particularly not for the United States. Nor have

ecological optima of taxa been quantified at these

scales using large numbers of samples. This paper

provides such information based on diatom data for

samples collected by the USGS NAWQA Program.

This information improves our understanding of how

diatoms are distributed in U.S. rivers with respect to

conductivity and major ions, and provides specific

autecological data so that diatoms can be used more

effectively in making assessments of ecological

change.
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Continental waters vary greatly in their mineral

content and composition, mainly because of the

variability in lithology, climate and vegetation.

Anthropogenic factors are also important. Soil ero-

sion, irrigation, or the direct input of industrial,

municipal or agricultural wastes into rivers often

increases total mineral content, or concentration of

individual ions in river water (Meybeck & Helmer,

1989). For instance, the most noticeable environmental

change in rivers of Massachusetts and New Jersey

following development of their catchments was an

increase in concentration of base cations (Dow &

Zampella, 2000; Rhodes, Newton & Pufall, 2001),

disrupting the natural communities of these rivers,

which are adapted to low-alkalinity conditions.

Agricultural land use often increases conductivity of

river water and these changes are reflected in algal

communities (Leland, 1995; Carpenter & Waite, 2000).

Salt leaching from irrigated soils can further elevate

the naturally high salinity of many rivers in arid and

semi-arid zones. Mining operations can cause severe

increases in the concentration of certain ions that not

only dramatically alter natural communities, but also

make water unsuitable for drinking, recreation and

irrigation (Meybeck et al., 1992).

Diatoms are often used to monitor these environ-

mental changes because of their range of response to

ionic content and composition. Their use in monitor-

ing would be enhanced significantly if species

responses to the concentration of major ions in fresh

waters were better quantified.

Most knowledge of the relationship of diatoms to

salinity comes from studies of the composition of

diatom assemblages collected across strong salinity

gradients in salt-polluted continental waters, estuaries,

inland seas and saline lakes (Kolbe, 1927, 1932;

Hustedt, 1957; Cholnoky, 1968; Stoermer & Smol,

1999). The most widely used salinity classifications

(Kolbe, 1927; Hustedt, 1957; van der Werff & Huls,

1957–1974 as modified by van Dam, Mertens &

Sinkeldam, 1994) assign diatoms to only a few salinity

categories, based mostly on their occurrence in Eur-

opean inland and coastal waters. Consequently, these

categories are most effective when used to determine

whether observed assemblages are from fresh, brackish

or saline waters. Strong responses of algal assemblages

to the salinity or concentrations of certain ions are,

however, not limited to major differences in salinity.

A clear response to salinity is also often observed in sets

of samples collected exclusively from fresh waters

(e.g. Sabater, Sabater & Armengol, 1988; Sabater &

Roca, 1992; Pipp 1997; Leland & Porter, 2000; de

Almeida & Gil, 2001) and even for datasets limited

to waters of very low concentration of dissolved salts

(e.g. Potapova, 1996; Soininen, 2002).

Affinities of some freshwater diatoms towards

certain ions can be found in widely used diatom floras

(e.g. Patrick & Reimer, 1966, 1975). For instance, a

number of taxa have been characterised as preferring

calcium-rich or calcium-poor waters. It is difficult,

however, to compile this information for water-quality

monitoring purposes because it is scattered in floras

and regional studies. Quantitative autecological char-

acteristics derived from small-scale regional datasets

are useful for regional monitoring programmes. How-

ever, as they are dependent on the restricted range and

distribution of the environmental parameters in the

dataset, they may not be appropriate for areas with

different water chemistry characteristics. Reliable aut-

ecological data can be obtained only from a dataset

with large numbers of observations representing the

full range of environmental conditions. Here we

characterise distributions of benthic diatoms along

gradients of conductivity (as a measure of salinity) and

ionic composition using data from samples collected as

part of the National Water-Quality Assessment (NA-

WQA) programme from rivers throughout the U.S.

Analysis of this dataset for samples collected in 1993–

1998 showed that conductivity and ionic composition

are among the most important determinants of diatom

assemblage structure in U.S. rivers (Potapova &

Charles, 2002). At the national scale the complex

gradient of ionic strength and pH was the second

most important after a so-called ‘downstream’ gradi-

ent, which combined gradients of river size, slope and

nutrient concentration. Broad-scale differences in ben-

thic diatom assemblages between rivers of the eastern

coastal and western interior areas were largely because

of a much higher mineral content in the arid western

areas. In this study, we use an even larger NAWQA

dataset, based on samples collected from 1993 to 1999,

to study in more detail the relationship between these

water chemistry properties and common diatom spe-

cies. Our first objective was to investigate the influence

of conductivity and ionic composition on diatom

distributions in rivers of the U.S. The second objective

was to calculate and present autecological data for use

in environmental assessment.
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Methods

Sample collection

Benthic algal samples were collected from 1993

to 1999 at 1109 sampling locations across the contin-

ental U.S., Alaska and Hawaii (Fig. 1). The USGS

personnel collected benthic algal samples at each site

once a year, during one to three consecutive years

(Gurtz, 1993; Porter et al., 1993). At the majority of the

sites, two types of quantitative samples were collec-

ted: one from erosional habitats (rocks, usually from

riffles and snags) and another from depositional (soft

sediment, typically from pools and stream margins)

habitats. Both types of samples were used in the

present study. Algal samples were collected most

often during low-flow conditions, usually in summer

or early autumn.

Laboratory methods

Permanent diatom slides were prepared by oxidising

organic material in samples with nitric acid and

mounting cleaned diatoms in Naphrax. Diatom

analysts at the Patrick Center of The Academy of

Natural Sciences, Philadelphia (ANSP), the University

of Louisville, Michigan State University, and inde-

pendent contractors identified and counted diatoms.

Analysts counted 600 diatom valves on each slide;

fewer valves were counted on some slides when

diatoms were scarce. Laboratory methods used at the

ANSP are described in Charles, Knowles & Davis

(2002). All slides were deposited in the ANSP Diatom

Herbarium.

Taxonomy

The main diatom floras used for identification were

those of Hustedt (1930a,b, 1959, 1961–1966), Patrick

& Reimer (1966, 1975), Camburn, Kingston & Charles

(1984–1986), Krammer & Lange-Bertalot (1986, 1988,

1991a,b), and Simonsen (1987). Other important

works on diatom taxonomy were also consulted. A

considerable effort was made to reach taxonomic

consistency among analysts (Potapova & Charles,

2002). Some of the diatom taxa reported in this study

have not yet been described in the literature; they are
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Fig. 1 Location of the 1109 NAWQA sampling sites and corresponding average conductivity values.
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given temporary names that may include abbre-

viations of the name of the person making the

determination and geographic location where the

taxon was first collected. Images of these taxa are

available at the ANSP Algae Image Database website

(http://diatom.acnatsci.org).

Environmental data

Water chemistry samples were collected by the U.S.

Geological Survey at least once a month. Conductiv-

ity, HCO�
3 , CO2�

3 , Cl), SO2�
4 , Ca2+, Mg2+, Na+, K+ were

determined at the USGS National Water Quality

Laboratory (Lakewood, CO, U.S.A.) (Fishman, 1993).

For 70 sites where concentration of HCO�
3 + CO2�

3

was not reported, we derived concentration of

HCO�
3 + CO2�

3 from alkalinity values. We used chem-

ical measurements closest to the date of algal samp-

ling in our analyses. Concentration of major ions is

reported here in milliequivalents per litre (meq L)1),

and proportions of anions and cations are expressed

as per cent equivalents of each ion of the sum of all

anions or cations (% eq).

Data analysis

Conductivity was determined at all 1109 sampling

sites, whereas major ions were analysed at 807 sites

only. We constructed two datasets: a ‘complete’

dataset, consisting of 3239 samples collected from all

1109 sites, and a second ‘limited’ dataset, which

included only the 2674 samples collected at sites

where major ions were measured. We excluded all

planktonic species from the diatom counts, calculating

relative abundance of the benthic diatoms only.

Distinction between benthic and planktonic diatoms

in inland waters is somewhat arbitrary. Therefore, we

excluded only those diatoms (mostly centric species)

that are known to spend most of their life in the water

column, not considering them being a part of the

benthic communities. For analyses, we retained only

those species that reached relative abundance of at

least 1% in at least two samples per dataset. The

resulting ‘complete’ dataset contained 717 diatom taxa

and the ‘limited’ dataset had 683 taxa.

For numerical analyses, conductivity and concen-

trations of individual ions (expressed in leq L)1) were

log-transformed to approximate a normal distribu-

tion.

To evaluate the strength of the relationship be-

tween composition of the diatom assemblages and

conductivity, concentration, and proportion of each of

the seven major ions, we used canonical correspon-

dence analyses (CCA), with only one environmental

variable at a time. A total of 15 CCAs corresponded to

15 tested variables (one for conductivity, seven for

concentrations and seven for proportions of major

ions). We evaluated the significance of the effect of

each variable using Monte Carlo permutation tests

with 199 unrestricted permutations, and used the ratio

of the first to the second eigenvalue as a measure of

the variable strength.

We ran another CCA to elucidate major coenclines

and to estimate the relative importance of conductiv-

ity and proportions of the seven major ions in

explaining variation among diatom assemblages.

The eight parameters (conductivity and ion propor-

tions) that were included in this CCA as constraining

environmental variables were shown to explain a

significant proportion of variation in species compo-

sition in previous CCAs and were not highly corre-

lated (r < 0.8) with each other. Significance of the first

four ordination axes was tested by permutation

procedures in partial CCAs, as described by ter Braak

& Šmilauer (1998). Significance of the second, third

and fourth axes was checked in partial CCAs that

used environment-derived sample scores for the first,

second and third ordination axes, respectively, as

covariables. The CCAs were performed with the

CANOCOCANOCO program (ter Braak & Šmilauer, 1998).

We calculated weighted average estimates of the

species optima (uk) as uk ¼
Pn

i¼1 yikxi=
Pn

i¼1 yik where

yik is the relative abundance of species k in sample i;

xi is the value of environmental parameter in sample i;

n is the total number of samples in dataset. Tolerance

or weighted standard deviation (tk) was calculated as

tk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1

yikðxi �ukÞ2

Pn

i¼1

yik

vuuuut :

Results

Conductivity and ion concentrations

Conductivity varied from 10 lS cm)1, corresponding

to waters extremely poor in electrolytes, to
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14 500 lS cm)1, representing brackish water (Table 1).

Median and interquartile range values for conductiv-

ity and concentration of individual ions indicated that

most of the rivers had a moderate level of salt content

(Meybeck & Helmer, 1989), and were of the calcium

bicarbonate type. Highest conductivities were ob-

served in rivers of south Florida and the Mississippi

delta influenced by marine waters, rivers of the arid

west, and some polluted rivers across the U.S. (black

circles in Fig. 1).

Carbonate and bicarbonate were prevalent anions

in samples from the majority of the 807 NAWQA

sampling sites. Chloride and sulphate dominated only

rarely (Fig. 2). Highest concentrations of chloride

were found in the Mississippi delta and in some

rivers of the arid west (Arizona Desert). The propor-

tion of chloride was sometimes relatively high (up to

80% eq) in soft-water coastal rivers of North Carolina

and Georgia. Highest concentrations of sulphate were

recorded in some rivers of Colorado, Pennsylvania,

Wyoming and Montana that receive coal-mining

wastewater.

Alkaline earth metals, especially Ca2+, were usually

the dominant cations in studied rivers, while the

percentage of Na+ and K+ was rarely high (Fig. 2). The

ratio of Ca2+ and Mg2+ was especially high in rivers of

medium conductivity (160–380 lS cm)1) that drain

carbonate bedrock (e.g. Ozark Plateaus and karst area

in Georgia). The total concentration of Ca2+ and Mg2+

was, however, maximal in waters with the highest

proportion of SO2�
4 among anions, mostly in rivers

draining mining areas.

The highest concentrations of Na+ and K+ were

observed in saline rivers of the Mississippi delta and

western arid areas. A high proportion of Na+ was also

sometimes observed in the low-conductivity rivers of

HCO3 + CO3
0 20 40 60 80 100

Cl

0

20

40

60

80

100

SO4

0

20

40

60

80

100

Ca
020406080100

Mg

0

20

40

60

80

100

Na + K

0

20

40

60

80

100

Fig. 2 Ternary diagrams showing ion composition in 807 NAWQA sampling sites.

Table 1 Conductivity and concentration of major ions in NAWQA samples.

Parameter Minimum First quartile Median Third quartile Maximum Number of observations

Conductivity (lS cm)1) 10 180 363 618 14500 3040

HCO�
3 +CO2�

3 (meq L)1) 0.016 0.819 2.278 3.671 9.288 2674

Cl) (meq L)1) 0.003 0.132 0.339 0.875 69.478 2674

SO2�
4 (meq L)1) 0.002 0.135 0.413 1.083 47.886 2674

Ca2+ (meq L)1) 0.026 0.749 1.846 2.958 27.455 2674

Mg2+ (meq L)1) 0.017 0.288 0.775 1.613 18.104 2674

Na+ (meq L)1) 0.016 0.190 0.479 1.262 58.025 2674

K+ (meq L)1) 0.003 0.035 0.059 0.092 1.291 2674
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the eastern U.S. coast. K+ was never a dominant cation

– its ratio was highest in some dilute rivers of

Washington, Alabama and Georgia.

There was no clear relationship between conduc-

tivity and dominant ions. Correlations between con-

ductivity, [Na+], and [Cl)] are relatively high

(indicating that highest values of conductivity were

because of the increased concentration of these ions),

but not much higher than between conductivity and

other ions (Table 2). Relatively high correlation coef-

ficients within sodium chloride and calcium carbon-

ate/bicarbonate cation–anion pairs, combined with

low correlation coefficients among them, indicate that

the ratio of these salts forms a major gradient in ionic

composition in the NAWQA dataset.

Community analysis

[HCO�
3 + CO2�

3 ] and [Ca2+], followed by conductivity

and [Mg2+], explained the highest proportion of

variation in diatom data (Table 3). Ion percentages

explained less variation than ion concentrations, but

nevertheless had a significant relationship with

diatom assemblages when tested by permutation

procedures (P < 0.05). Eigenvalues in all analyses

were relatively low, but a moderate to high ratio of

the first to the second eigenvalue indicated the

important role of conductivity and concentrations

of major ions in structuring diatom assemblages

(Table 3).

Another CCA was conducted to explore the simul-

taneous effects of various ions on diatom assemblages.

It employed only conductivity and ion ratios as

environmental variables, because concentrations of

specific ions were highly correlated with each other

and conductivity (Table 1). This CCA showed that

conductivity and the ratio of Ca(HCO3)2 + CaCO3 to

NaCl + KCl were major factors explaining the struc-

ture of diatom assemblages (Fig. 3). The first four

ordination axes were all significant (P < 0.05) and had

eigenvalues of 0.23, 0.11, 0.07 and 0.05, respectively,

thus indicating that the first two axes explained most

of the variation in diatom data.

Fig. 3a shows that conductivity and the proportions

of Ca2+, HCO�
3 + CO2�

3 , Na+, Cl) and K+ were highly

correlated with the first two axes. Diatom taxa placed

in the right upper quadrant of the first and second

axes ordination plot (Fig. 3a), mostly species of

Eunotia, are found in water low in alkaline (Ca2+,

Mg2+) cations. Taxa in the lower right quadrant favour

low conductivity waters but with a higher proportion

of alkaline cations. Calciphilous species of Cymbella

are found in the lower left quadrant of the ordination

diagram. Diatoms with higher affinity for total salt

content are placed in the left upper quadrant.

The third axis (Fig. 3b) can be interpreted as part of

the variation in species composition along the gradi-

ent of monovalent–divalent cations (M : D) ratio.

Another part of the variation along the M : D gradient

was captured by the first, and especially, second axes,

but that gradient also included the (HCO�
3 + CO2�

3 )/

Table 3 Results of CCA showing the strength of selected

environmental variables. Only one environmental variable was

used in each CCA

Variable k1 k1/k2

Log10 conductivity (lS cm)1) 0.189 0.47

HCO3
) + CO3

2) (% eq) 0.089 0.23

Cl) (% eq) 0.122 0.32

SO4
2) (% eq) 0.049 0.12

Ca2+ (% eq) 0.086 0.22

Mg2+ (% eq) 0.054 0.13

Na+ (% eq) 0.092 0.23

K+ (% eq) 0.118 0.31

Log10 [HCO3
) + CO3

2)] (leq L)1) 0.236 0.60

Log10 [Cl)] (leq L)1) 0.126 0.31

Log10 [SO4
2)] (leq L)1) 0.130 0.33

Log10 [Ca2+] (leq L)1) 0.201 0.51

Log10 [Mg2+] (leq L)1) 0.180 0.45

Log10 [Na+] (leq L)1) 0.144 0.36

Log10 [K+] (leq L)1) 0.135 0.33

k1, eigenvalue for axis 1; k2, eigenvalue for axis 2

Parameter [HCO�
3 +CO2�

3 ] [Cl)] [SO2�
4 ] [Ca2+] [Mg2+] [Na+] [K+]

Cl) 0.16 1

SO2�
4 0.31 0.32 1

Ca2+ 0.71 0.28 0.75 1

Mg2+ 0.67 0.52 0.74 0.74 1

Na+ 0.27 0.91 0.56 0.38 0.65 1

K+ 0.32 0.63 0.39 0.32 0.48 0.72 1

Conductivity 0.58 0.76 0.68 0.70 0.84 0.88 0.65

Table 2 Correlation coefficients of con-

ductivity and major ion concentrations in

the 2674 sample NAWQA dataset. All

correlations are significant at the P < 0.01

level
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Cl)ratio. The M : D gradient expressed along the third

axis is a residual remaining after extraction of the

stronger conductivity and Ca(HCO3)2 + CaCO3 to

NaCl + KCl gradients. In other words, species with

high scores along the third axis can be found in waters

with relatively high %Na+, even if the %Cl) is low,

and species with low scores favour waters with high

%Mg2+ and %Ca2+, even if the %(HCO�
3 + CO2�

3 ) is

low. The fourth axis can be interpreted as a gradient

in SO2�
4 /(HCO�

3 + CO2�
3 ) ratio (Fig. 3b). Species with

high scores along this axis had high abundance in

waters contaminated with mining discharge: they

included halophilous (Diatoma moniliformis, Biremis

circumtexta, Ctenophora pulchella) and acidophilous

diatoms (Brachysira microcephala, Eunotia exigua, Steno-

pterobia delicatissima).

Species indicator values

Apparent optima of the most frequently occurring

diatoms (found in at least 500 samples) are presen-

ted in Table 4. Optima are also shown for diatoms
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Fig. 3 Canonical correspondence analysis

(CCA) diagrams showing environmental

variables and diatom taxa centroids in the

ordination space of the 1st and 2nd (A) and

3rd and 4th (B) CCA axes. Environmental

variables that had low correlations with

ordination axes are not shown. Taxa

shown in the diagrams were found in at

least 1% of all samples and either had

high influence on the corresponding axes

(8 species with highest fit) or extreme

scores along corresponding axes (8 taxa

with highest and 8 taxa with lowest

scores). Taxa codes correspond to those in

Table 4.
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ü
tz

.)
W

il
l.

&
R

o
u

n
d

C
p

u
lc

h
34

2
16

3
71

6
0.

86
0.

67
0.

53
1.

18
0.

57
0.

70
0.

06
41

32
27

45
22

30
2.

7
66

N
av

ic
u

la
st

ro
em

ii
H

u
st

.
N

A
st

ro
em

34
3

11
5

10
21

1.
98

0.
20

0.
65

1.
79

0.
98

0.
30

0.
03

65
8*

27
56

30
**

12
*

1.
4*

26

C
ym

be
ll

a
af

fi
n

is
K

ü
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ü
tz

.
43

6
22

6
83

8
2.

48
0.

30
0.

87
2.

59
0.

86
0.

55
0.

07
62

10
28

**
59

21
18

2.
1

81

N
it

zs
ch

ia
fi

li
fo

rm
is

(W
.

S
m

it
h

)
V

.
H

.
43

6
12

0
15

81
1.

20
0.

80
0.

57
1.

26
0.

69
1.

19
0.

09
47

30
23

41
20

36
**

3.
1

16
3

N
av

ic
u

la
tr

iv
ia

li
s

L
.-

B
.

N
A

tr
iv

44
0

23
4

82
6

2.
74

0.
45

0.
45

2.
19

1.
07

0.
51

0.
07

70
15

14
54

28
16

2.
2

67
0

S
u

ri
re

ll
a

su
ec

ic
a

G
ru

n
.

44
2

19
9

98
2

2.
16

0.
46

0.
54

1.
96

0.
58

0.
83

0.
07

62
17

21
53

18
*

27
2.

9
32

N
av

ic
u

la
re

ic
ha

rd
ti

an
a

L
.-

B
.

44
2

22
5

86
7

2.
68

0.
39

0.
59

2.
31

1.
08

0.
56

0.
06

66
14

19
54

26
17

1.
7

76
4

N
av

ic
u

la
le

n
zi

i
H

u
st

.
44

4
23

3
84

3
2.

94
0.

29
0.

33
2.

45
0.

98
0.

29
0.

05
75

11
14

61
**

26
11

*
1.

8
48

A
ch

n
an

th
es

da
u

i
F

o
g

ed
A

C
d

au
i

44
8

19
4

10
33

2.
56

0.
37

1.
09

**
2.

03
0.

91
1.

39
0.

18
**

58
11

32
**

44
19

33
4.

1
34

N
av

ic
u

la
tr

ip
u

n
ct

at
a

(M
ü
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that had extreme (highest 15 and lowest 15) optima

along any of the examined variables (conductivity,

concentration and per cent equivalent of the seven

major ions) and occurred in at least 25 samples.

Conductivity optima for these diatoms ranged from

40 to 902 lS cm)1. Most of the diatoms that exhib-

ited highest affinity towards Ca(HCO3)2 water type

had low (Hannaea arcus, Diatoma mesodon, Gompho-

nema olivaceoides) to moderate (Gomphonema mehleri,

Nitzschia sinuata var. delognei) conductivity optima.

Diatoms that had highest optima for the proportion

of Na+ and Cl) either had very low (Psammothidium

helveticum, Eunotia flexuosa) or relatively high con-

ductivity optima (Navicula salinicola) thus reflecting

two different types of rivers that had relatively high

percentages of these ions: coastal soft-water rivers

draining bedrock poor in alkaline cations and saline

rivers of the arid zone. Many diatoms known as

acidophilous taxa (Eunotia bilunaris var. mucophila,

E. rhomboidea, Stauroneis livingstonii, Stenopterobia

delicatissima, Eunotia paludosa) had relatively high

optima for %Cl) and %K+ and very low conduc-

tivity optima.

Discussion

Effect of conductivity

The relative position of species along the conductivity

gradient in this study generally corresponds to the

affinities reported by others. Many species with low

conductivity optima were classified as halophobous

by Kolbe (1927, 1932), Hustedt (1957) and other

authors. Species commonly classified as halophilous

or mesohalobous had relatively high, but probably

underestimated, conductivity optima in our study.

Species that are known to be abundant in brackish

waters, such as Diatoma moniliformis, Ctenophora pul-

chella and Tabularia fasciculata, had apparent optima

below 1000 lS cm)1, which could be considered as a

boundary between brackish and freshwaters. This

underestimation of optima may be caused by the

relatively low occurrence of brackish waters in our

dataset and, hence, the truncated distribution of

T. fasciculata and other species with relatively high

position along the gradient of conductivity. The

placement of optima of other brackish water species

far from the high end of the conductivity gradient

(i.e. D. moniliformis, C. pulchella) is more difficult to

explain. Possibly, some populations in the NAWQA

dataset could be freshwater ecotypes of those species.

The apparent conductivity optima reported from

some regional studies on U.S. rivers differ consider-

ably from our results, but the rank of the diatom taxa

on the conductivity scale is usually the same or nearly

so. Optima reported by Bahls, Weber & Jarvie (1984)

were generally much higher than those reported in

the present study because conductivity was higher

(median value 1752 lS cm)1) in their Montana data-

set. Conductivity optima reported by Leland, Brown

& Mueller (2001) for California rivers were somewhat

lower for the taxa with relatively low optima, and

higher for diatoms with relatively high optima.

Effect of major ions

In most earlier studies of diatom species distribution

in relation to salinity, the salinity gradient was

primarily the result of a variation in concentration

of a single salt, NaCl (Kolbe, 1927, 1932; Hustedt,

1957). As a result, it was difficult to distinguish the

effects of specific ions from the overall effect of

osmotic pressure. Hustedt (1957) noted that diatoms

of continental waters respond mostly to osmotic

pressure, and not the concentration of a particular

salt. Experiments also showed that osmotic pressure

in the medium is an important factor limiting growth

of freshwater diatoms (Cleave, Porcella & Adams,

1981), or influencing their nutrient uptake (Tuchman,

Theriot & Stoermer, 1984). As a result, conductivity

or other measures of total ionic strength often

explain much of the variation among diatom

assemblages.

The importance of ionic composition to diatom

distributions became obvious when datasets includ-

ing various water types were studied. Investigations

by Blinn (1993), Fritz, Juggins & Battarbee (1993),

Gasse, Juggins & Ben Khelifa (1995), and Cumming

et al. (1995) elucidated the importance of ionic

composition in accounting for differences in diatom

assemblages in saline lakes. Inclusion of different

water types in river datasets revealed the import-

ance of water chemistry for diatom community

structure in lotic environments (e.g. Cholnoky,

1968; Sabater & Roca, 1992; Ziemann, 1997). Labor-

atory data provided additional evidence that con-

centration of specific ions influences growth of

diatoms (e.g. Kopczyńska, 1979; Rao, Duraisamy &

Distribution of benthic diatoms in U.S. rivers 1323
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Kannan, 1983; Saros & Fritz, 2000, 2002). Patrick &

Reimer (1966), Ziemann (1971, 1997), Sabater & Roca

(1992) , Round & Bukhtiyarova (1996), and Pipp

(1997) pointed out the great difference between

diatom communities in calcareous and calcium-poor

rivers. In our study, the gradient of (Ca2+) and

(HCO�
3 + CO2�

3 ) was the strongest among all varia-

bles related to major ions. We were able to distin-

guish species at the lower end of the conductivity

gradient that had either high or low affinity towards

calcium bicarbonate type of water. Not surprisingly,

species with known low pH optima (Eunotia and

Frustulia spp.) had lower optima for [Ca2+] and

[HCO�
3 + CO2�

3 ] than alkaliphilous species of the

genera Gomphonema, Gomphoneis, Cymbella, and dia-

toms Hannaea arcus and Diatoma mesodon. Sabater &

Roca (1992) noted that calcareous springs in the

Pyrenees were dominated by various species of

Cymbella, along with Denticula tenuis and Achnanthes

minutissima. In our dataset, the species with highest

affinity towards calcium also belonged mainly to the

genus Cymbella (Table 3, Fig. 3a). Calciphilous Cym-

bella and Gomphonema also have relatively high

optima for [HCO�
3 + CO2�

3 ], and it is difficult to

distinguish the effect of that factor from the effect of

[Ca2+]. Some studies have shown that calcium affects

diatom motility (Cohn & Disparti, 1994) and adhe-

sion to surfaces (Cooksey & Cooksey, 1988), but

exact physiological mechanisms responsible for the

higher or lower affinity of diatoms to calcium (or the

other alkaline cations) are still not known. Further-

more, concentration of divalent cations (Ca2+ and

Mg2+) is highly correlated with the amount of

dissolved HCO�
3 and pH. It is not clear which

of these factors has the greatest effect on the growth

of diatoms.

Species with relatively high per cent equivalent

optima for Mg2+ (Bizemis circumtexta, Nitzschia umbo-

nata, Cymatopleura apiculata, Sellaphora pupula var.

elliptica, Navicula exilis, Simonsenia delognei) were

found mostly at the high end of the conductivity

spectrum. Many diatoms with relatively high optima

for per cent of base cations had low optima for %Na+

or %K+ and vice versa, once again confirming the

observation that M : D ratio is an important factor

affecting diatoms.

The position of diatom species along the [Cl)]

gradient in our study generally corresponds to the

relative ranking of those species along this gradient

given by Kolbe (1927, 1932), Hustedt (1957), and van

Dam et al. (1994). Apparent chloride optima for

diatoms in the dataset of 257 dilute lakes of the

north-eastern U.S.A. (Dixit et al., 1998) are, in general,

lower than [Cl)] optima in our study because of the

lower [Cl)] range of the former dataset. The highest

optima for [Cl)] and [Na+] in the NAWQA dataset

were observed in species with high conductivity

optima (Table 4). When, however, the proportion of

these ions was considered, the highest %Na+ and

%Cl) optima were observed among species with

either highest or lowest conductivity optima. Many of

the species of Eunotia, Stauroneis and Frustulia had

relatively high optima for the proportion of Na+ and

Cl) in accordance with dominance of these ions in

some dilute rivers of eastern coastal areas. Unlike

species with high conductivity and high NaCl pro-

portion optima, these diatoms also had relatively high

%K+ optima. Dionisio-Sese & Miyachi (1992) showed

that chloride ions could be toxic to some freshwater

algae because they inhibit carbonic anhydrase, an

enzyme responsible for the hydration of carbon

dioxide during photosynthesis. Our results confirm

that the effect of Cl) on diatom community compo-

sition is certainly different from the effect of total ionic

strength.

The highest [SO2�
4 ] optima were found in species

with high conductivity optima (Bizemis circumtexta,

Nitzschia reversa), but high per cent equivalent of SO2�
4

was favoured also by other diatoms such as Diatoma

moniliformis, Brachysira microcephala and Eunotia

exigua. In the coal-mining region of Montana, accord-

ing to Bahls et al. (1984), diatoms with highest [SO2�
4 ]

optima were Amphora coffeaformis, Diatoma tenue

(D. moniliformis accordingly to the drawing on p. 44),

Cymbella pusilla, Diploneis pumila var. smithii, Epithemia

adnata, Navicula cincta var. rostrata, N. cryptocephala

var. veneta, N. pavillardii, Nitzschia amphibia, N. closte-

rium, N. obtusa, Rhopalodia gibba, Synedra famelica, S.

fasciculata. It is significant that, in the Montana

dataset, increased conductivity was most often asso-

ciated with Na2SO4 pollution, and that most of the

mentioned species inevitably had high optima for all

three parameters: Na+, SO2�
4 and conductivity. There

is little certainty which factor in particular was

responsible for their competitive advantage in pol-

luted rivers. We did not encounter many diatoms

characteristic of sulphate-rich North American lakes

(Fritz et al., 1993; Cumming et al., 1995), presumably
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because of the low representation of naturally highly

mineralised sulphate-rich rivers in the NAWQA

study. On the contrary, most of the rivers with high

%SO2�
4 in our dataset had an increased conductivity

and [SO2�
4 ] because of mine drainage pollution.

Sulphates in mine drainage often cause a significant

decrease of water pH. In those cases, acidophilic

diatom flora consisting mostly of Eunotia, Frustulia and

Pinnularia develop despite relatively high total ionic

content of the water (Hancock, 1973; Verb & Vis, 2000).

High variation in diatom assemblages associated with

elevated sulphate concentration is certainly because of

a combined response of diatoms to the concentration

of SO2�
4 , water pH and total mineral content.

Use of the autecological data

Optima presented in Table 4 are based on samples

collected from a variety of habitats, from rivers

ranging widely in size, slope and geographical loca-

tion. All these factors undoubtedly introduce noise in

the species response to ions. Nevertheless, the autec-

ological characteristics calculated from the NAWQA

dataset are more representative for most U.S. rivers

than optima derived from datasets with limited

number of observations. These autecological data are

useful for the purposes of water quality assessment

and further understanding of the ecology of diatoms.

Our results demonstrate that diatom assemblages

are distributed continuously along gradients of con-

ductivity and major ions. For practical application of

the weighted average values to ecological assess-

ments, the taxa could be assigned to categories

according to their affinities. For example, conductivity

range could be divided into low, medium and high-

conductivity waters or into more finely defined

categories. Sets of categories could be established to

best meet the needs of individual studies. Differences

in the proportion of individual diatoms in the categ-

ories could be used to assess differences among

samples from different sites or between time periods.

In the present paper, we preferred not to simplify

autecological data by converting weighted average

values to an arbitrarily chosen ordinal scale. The

combination of optima presented in Table 4 could be

considered as the optimal ionic composition of river

water for each taxon. Monitoring the changes in the

ionic composition could be carried out by simple

observation of shifts in the dominant taxa or by

inferring ion concentrations or conductivity using

reported optima and some numerical procedure, for

instance weighted averaging. Community analysis

presented here shows that concentrations of the

specific ions explain a higher proportion of variation

in the diatom data than ionic proportions. This is

mainly because the proportion of individual ions is

usually important over a limited range of salinity or

osmotic pressure. Therefore, ionic proportion optima

are most meaningful when applied in conjunction

with conductivity or other measure of the total salt

content.

Future work on ecology and taxonomy of diatoms

in North America will undoubtedly refine the data

presented here. Creation of regional calibration

datasets will make it possible to develop finely

tuned models to quantitatively infer conductivity

and ion concentrations, as is now often performed

for lakes (e.g. Fritz et al., 1993; Cumming et al., 1995).

The results obtained in this study also show the

significant value of large-scale monitoring pro-

grammes, such as NAWQA, for obtaining autecolog-

ical data for organisms important in biological

monitoring.
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Süßwasserflora von Mitteleuropa 2/3 (Eds J. Ettl, J. Gerloff,

H. Heynig & D. Mollenhauer), pp. 1–576. G. Fisher,

Stuttgart.

Krammer K. & Lange-Bertalot H. (1991b) Bacillariophy-

ceae. 4. Teil: Achanthaceae. In: Süßwasserflora von Mitte-
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