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ABSTRACT

This study was designed to 1) investigate patterns of
phytoplankton distribution, to 2) contrast schemes of lake
classification based on chémical and biologic criteria, and to
3) evaluate properties of net phytoplankton, whole—ﬁater commu-

nities, and diatom assemblages as indicators of trophic state.

The number of net taxa, desmids, and the compound quotient
is-. correlated with the trophic gradient, but diatom ratios and
the diversity of these assemblages are not so correiated.
Conversely, the standing crop of phytoplanktoh and species diversity

in whole-water samples exhibit statistically significant correlations

‘with regional gradient parameters. Typological studies reveal that

lake groupings based on different sets of variables ére'dissimilar
in size, composition, and'location, esﬁecially those that involve
biologic variables. Algal properties that exhibit distinct
trophié prefefences are the numbers of net taxa and desmids,
standing crop, and species number of whole-water communities.
Desmids, chrysophytes, diatoms, and blue-green algae contain taxa

that are indicators of oligotrophy and mesotrophy.
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The‘Study'Region

Minnesota and eastern North Dakota and South Dakota is a
region of diverse topography and many lakes. Continental glaciers

have been largely responsible for shaping the present~day

landscape.‘ A variety of glacial deposits, ranging in thickness

from a negligible amount in noftheastern Minnesota to as much
as 500 feet in west-central Miﬁnesofa, éoveré mbst ofvthe
region (cf. Fige 1). Aj | | | |

Much of the area is heavily foréstéd'(Fig. 2)e A mixed
coniferous—deciduous forest‘occupies most of northern Minnesota.
A narrow band of deciduous forést extends di#gonally from
northwestern through central tovéoutheastern Minnesotae In.
the west and southwest the hajér Qégetaﬁion is préifie, consisting

of grasses, herbs, and shrubs, with émall stands of deciduous

.woodland around the ﬁargins of some lakes.

Most of the lakes in the region have Been formed in one
way or anothér by Pleisfocene glaciationA(Zumﬁerge 1952). The
majority of lakes in northeastefn Minnesota originated in
ice-scoured basins in bedrocke. Throughou£ central Minnesota,
where the drift is much thicker, many lakes have resulted
from the formation of ice~block basins or from moraine-dammed
basins. Throughout the prairie the lakeé are felatively

shallow,.

The chemistry and biological productivity of the surface

waters in the region are determined-by many factors, including



the mineralicomposition of the bgdrock, the nature of fhe
glacial drift, surficial deposits and soils, and by general‘
climatic conditions and basin morphometry. The following

~ discussion has been taken from Brlght (1968), Arneman (1963),
Eddy (1963), and Winter (1973). -

In northeastern_and parts of northérnfMinﬁésota, a thin
cap of red giaciél dfift fhat ié low in calcium, potassium,
sulfur, and méghesiu@’éovers most of the region; Outcrops of
igneoﬁs bedroék occuf ekfensively throughout the area. Thinly
to coarsely textured 501ls of grayhbrown, brown pedzolic, |
gray wooded, and brown forest types occur throughout the region. '
The lakes generally are low in nutrients and have actlve
'outlets. _ . Lo _.

Throughbut cénﬁf&ilMinﬁesoﬂa, crystalline igneousland
metamorphic rocks underlie relatively thick surficial deposits
of calcareous glacial outwash and calcareous and nonbalcareous
| glacial tills. Theksbils are chgrnozems,_podzolic, and medium
to finely textured prairie typés. The complex of bedroék,
glacial till énd oﬁtwaéh, and soils is much higher in éalcium,
magnesium, éﬁd sodiuﬁ than are the tills andvsoils of north-
eastern Minnesota. Most of the lakes are deep and have active.
outlets, - | R

In southwestern aﬂd portions of westerh Minnesota; the
bedrock consists of crystalline rocks that are overlain by

patches of Cretaceous shéle; The surficial deposits consist




primarily of calcareous glacial tills in the southwest, and:
calcareous clay and silts and sand ih the extreme western
portion of the region. Soil types in the prairie are variable
but consist primarily of chernozem and medium to finely.textured
prairie soils and organic soils of glacial lake plains in the
extreme western and northwestern region of the state. The
complex of bedrock, soil'types, and sﬁrficial deposits in
southwestern Minnésota generally is high in calcium, potassium,.
and magnesium. The region of surficial Cretaceous shéle in
extreme western Minnesota is relatively lower in magnesium

and calcium and is higher in sulfuf. lThe lakes generally

_are shallow, and many lack active outlets.

~ Selection of Lakes

Thevstudy lakes were selected pfimarily on the‘basis of
geographic location. ' Efforts were made to include lakes in
each of the major vegetation zones in Minnesoﬁa (Fige 2).
Within these regions, specific lakes were chosen on the basis
- of their chemical characteristics (Bright 1968, Gorham 1971).
In order to include a range of conditions within each province,
" typical as well as atypical lakes were selected,

| The lakes were arranged in alphabetical order and numbered
1 - 68 (Fig. 35; Lake numbérs are used cohsistently throughout .
the text, Tables, and figures. _The precise location of each
lake is given by State, County, and identification number in

Table l.



CHAPTER II

METHODS, MATERTALS, AND OBSERVATIONS
Field Procedures

Most of the phytoplankton samples were collected dn three
vmajor field excursions. Two trips were conducted during
September and October 1970; a third was undertaken in |
September 1971, Collections‘from severél 1akés were.obtained
' on minor excursions during fall 1970 and 1971 (Table 12).
Sampling during both years waé restricted to.the fall seasdn.
This scheme permits algal properties orvlékes to.be compared
" on the basis of saﬁples thétvrepresent the gégg'séasonal |
community. In addition, the difficﬁlties of'obtaini#g a repre-
sentative sample’from é lake éré miﬁimized. At this time of
‘year, the entire water column or the largest partuof it generally
is isothermal or nearly isoﬁhérmal and well-mixede. Such
homogenéit& greaﬁly reduces the Eias that caﬁ be associated
with attemptsvﬁo obtain samples from lakeé that might normally
exhibit vertical stratification or "patchiness" in the
'.distribution of phytoplankton populations (cfe Richafd.g&igl.
1970).« o | |

Samples were collected from the euphotic zone from a
~ 10-foot aluminum pram or from a two-man rubber boat. In order .
to minimizé the contamination of samples by populations of

littoral and benthic algae, collections were made in the deepest




part of each lake, and as far removed from shoré as possible.
Sampling in each lake generally was limited to a single
station. |
Net phytoplahk£on samples were obtained by using a sixe
’ | inch-diameter net of No. 20 mesh silk bolting clothe. The net
was lowered to a depth of 2x secchi-disc traﬁsparenéy and then
pulled slowly to the surface. Although secchi-disc transparency
can be regarded as the lower limit of the euphotic zone
- (Hutchinson 1957), the distance was doubled in order to capture
- - | algal populations that may be cérried by currents juét beloﬁ
thé euphotic‘zohe, or thaﬁlmay sink-témpofarily out of the zone
Iduring periods_of calm‘weathér‘(éf. Hutchinson 1967); As a-
generél practicé;.héuls'were made on a'diégonal, thus minimizing
. sampling bias that éould occurlas a resﬁlt of temporafy
horizontal and ﬁertical.vafiations in the distribution of .
plankton. Concentrates were-transferred to vials and preserved
with three to six drops of Lugol's acetic acid solution |
(10 gm I,y 20 gm KI, 200 ml distilled water, énd 20 gm glacial
acetic acid). The ne£ was:rinsedfin lake water immediately
after use, and again in the next lake before'obtaining a haul.
The above procedure was abandoned iﬁ most prairie lakes.
Many lakes are only three to six feet deep and have secchi-disc
transparencies{S 2.0 feetse Net hauls in.thesc lakes consisted‘

~of surface water only.
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 Quantitative algal samples were collected by following a
procedure recommended bvaund.and Talling (1957). A five=
eighths inch garden hose was lowered vertically to a depth of
approximately 2x‘secchi-disc transparency. This "watef column®
sample was transferred immediately to a polyethylene cbntainer,
shaken, and poured into amber glass bottles of 220 or 280 ml

capacity. Each sample was preserved'with five drops of Lugol's

solution. In the shallow prairie lakes, water was obtained

by allowing the sample bottle to fill at a depth of two feet.

| At each lake a temperature profile was.taken and speéific‘
conductance was measured. Temperétﬁre readiﬁgs were obtained
with a submersible battery-operated thermistor ihefmometer."
Specific conductance was measﬁréd with a Model‘ﬁAfZA condﬁctivity
meter (Industrial Instrumenté, Inc., N. J;). Measurements
were made on "integrated“ whole—watef samples or on the surface
water of shalléw prairie lakes. Fbr_35 of the lakes, 500 mls

of unfiltered surface water was collected in polyethylene

-bottles and was used for measurements on the concentration of

major cations and anions. These samples were refrigerated at

approximately 10 C in the field.

Laboratory Procedures

The algal sampleé were processed by dividing each sample.

One-half of the concentrate was preserved permanently with

Transeau's solution (60 mls water; 30 mls 95% alcohol; 10 mls



formalin). fhe other half was readjusted with Lugol's solution
and stored at 5 C.

The quantitative samples were readjusted with Lugol's
solution, sealed’with parafilm, and stored at appfoximately
5 C in the dark. This procedure allows a shelf-life §f
approximately one‘year.' The amount of preservative added‘to
the qﬁantitaﬁive samplés was fecorded; and was incorporatéd
as a féctor.into.the conversion of raw cbunts tb'absoluie

numbers. = .-

Identificati;r;" of Algae

The folloﬁing standard reférenéés were'coﬁéulted routihely:
Prescott (1962), Smith (1920), and Huber-Pestalozzi (1938,

1941, 1950).’.Iden£ification of theVCyanophy£a'was facilitated |
with the.wofks of Geitler.(i932) and Tilden (1910). The
taxonomic t;gatments by Skuja (1948, 1956, lééh) were |
indispensibie in the idehtification of cryptomonads, flagellated
chrysophytes, and other mohads. Two additional works on
 chrysophytes, Bourrelly (1957 and Matbichko (1965), were
necessary for accurate identificatibn of many taxa.

Twofgroﬁps of algae, the desmids and the diatoms, required
specialized literature. For the desmids, I used Smith 921),
I;'te/née Maire (1939), and West et al. (1904, 1905, 1908, 1912).
In special cases, I followed Kriegef's (1965,’1969) treatment

of the genus Cosmarium and Krieger's (1937) monograph on the
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genus Closteriume Teiling's (1967) monograph on the genus

Staurodesmus was used exclusivelye. The criteria'established

by Brook (1959a) for -the Staurastrum anatinum-group of desmids

were followed in all casese .
Diatoms were identified primarily with the aid of Patrick

and Reimer (1966), Hustedt (1930), énd Cleve~Euler (1951).

Net Plankton Analysis _
The objective of the analysis of net plankton'was to compile
a list of all species in the tows. Weﬁ-mount slides were

prepared,'ringed with fingernail polish and examined with a

Leitz compound microscopes Preparations from each sample

were examined until a "new" slide did not yield a previously

unencountered speciese v

The net plankton analysis was carfied out in two phéses.
Samples preserved.invLugol's solutionlwere examined first for
colonial and delicate forms that tend to dissociate within a.
few weeks of collection. Generally, five to seven slides
from each of the sambles were examined. The second phase
involved an examination of 12 to 18 wet-mount slides from the
samples that had beeﬁ preserved in Transeau's solution. This

preservative frequently causes protoplasts to recede from the

. cell wall, which is advantageous in identifying desmids and

dinoflagellates. For most of these samples, at least 15 to

20 preparations were examined.




Accurate identification of some cthsophytss (Cege,
Mallomonas sppe and Synura spp.) requires that the dihensions,
shape, and scale architecture be viewed in detail. Samples
containing these species were examined with a Leitz Ortholux
microscOpe that was equipped with.phsse-contrast opticse
Wet-mount slides were allowed to dry, and observations were
made with the aid of a 90x 011 immer51on objective.

Two speclal taxonomlc studles were undertaken. Desmid
- populations in approximately 35 samples were reexamined to
insure that the separation of closely related specles in the

Staurastrum anatlnum-group was 1nternally consistent. Diatom

preparathns from L0 lakes were reexamlned to confirm the 1dent1ty

of ngedra spp., Cxclotella SPPey Fragllarla sppe, Nitzschia

SpPe; Stephanodiscus Sppey, and Melosira sppe

Since verj liﬁtle information exists on the'precision of
estimates on spesies numbers, sampies from six lakes were
examined in duplicate (Vermiiion, Burntside, Moose,lMille Lacs,
Big Kandiyohi,'and Cleaf). :Ths counting procedures are outlined
abovs. Species number estimates range betﬁeenst0.9 and.:;h.5
per cent of the mean, with a mean value of 7.6 per cent. This
bias is judged_as insignificant.

Calculation of the compoundvguotient

The value of the compound phytoplankton quotient (Nygaard
1949) is highly dependent upon the species that are used in

its calculation. The quotient is calculated by swmming the
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number of species of Cenﬁrales, Chloroco'ccales,- t;{yxophyceae, |
and Euglenineae and dividing by the number of desmd taxa in
a sample. It is recommended that only planktonlc taxa should
be included in the computation (Brook 1959b, 1964, 1965).
In this study, quetients were computed exciusively on the basis
of the planktonlc ilora of net samples. Variecties .were weighted
equally with SpeCIeS follom_ng Brook (personal commmncatlon).
The taxa that were used to compute the quot:.ent are listed
iﬁ Table 57.' These spec:Les are cons:.dered to be planktomc,
prim_arily on ’tfhe ba51s of habltat preference as clted in
Prescott (1962), Smith (1920), Smith (1924), Nygaard (1949),
and Brook (19'71')._' - The desmid taxa utilized by Brook (19590,
196L, '19'65, 1971)’ were "'u'sed to compﬁte quotieﬁts in this study.
"~ Several addltlonal spe01es of desmlds, however, were included
in these computatlons. These taxa are indicated in Table 58.
They wvere used beeause they occur with moderate frequency in
Minnesota lakes orb because I have obseﬁed f,hem in plankton
samples from Michigan, Ohio, 'an.d North. Carolina_. Samples wiﬁh
a zero term 1n the denomihetbr were assigned a value ef one
desmid occurrence (following Brook, personal cormmnication);
Since very little information exists on the precision of |
quotient els.timation,‘ samples from six lakes were examined
in duplicate (Vefnﬁ.lion, Burntside, Moose, Mille Lacs, Big

Kandiyohi, and Clear). Quotients range between +0.5 and
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413 per cent of the mean, with a mean value of 6.l per cente
These errors are Judged as insignificant.
Diatom Ahalysis.

Diatom preparation

Diatom preparations were made exclusivély from the net
plankton haulse. Portions of thelsamples were fransferred to
centrifuge tubés and ﬁfeated with‘Chroﬁerge (Manostat Corporation,
Ne Y;). After a 24-hour period,_ihé tubes'were centrifuged
three times, washing with distilled water after each centrifugatione

The diatom material was resuspended in ohe.to five mls
of qistilled water aﬁd*shéken thorbughiy; and small_vblume$ 
were removed with a éieén‘pipette éﬁd.placed'on 20 x 50 mm
coiefslips. Each coverslip was spoited three times, each'"spot"
consisting of a differeﬁt numﬁer of dropé of the suspénsion.

‘This practice allows for the selection of a "spot" that is

neither over- nor under-dispersed with regard to the distribution

of frustules. The coverslips were permitted to dry at approximately

100 F, and subsequently were heated at 300 to 350 F for a period
of at least one~half hour. Permanent slides were made by
inverting the coverslip onto a glass slide that had received

two drops of Hyrax mounting medium (refractive index 1.65).

Diatom sample size and species numbers

. The first consideration in-diatom analysis was to select a

suitable sample size. An examination of numerous published
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Studies reveals that a "standard" sample size has not been
establisheds For example, Patrick (1968) counted over 14,000
specimens per sample, Patrick (1963), Hohn and Hellerman (1963),
and Patrick et al. (1954) examined 7,000 to 8,000 individuals
per sémple. A count of 300 cells per sample is used routinely
by Williams (1964), and Stockner (1971) and Stockner and Benson
(1967) examined 100 to 150 cellse. | |

In the present investigétion, I have selected a minimum
count of 500 whole cellss The rationale for this decision is
based on several considerafions._ 1) Thié study is designed
to utilize'dominant and common species with no emphasis on |
 rare spécies. 2) The 1nvest1gat10ns of Brlght (1968, and
unpublished) and Bradbury and Megard (1972, and unpubhshed)
are based on an examination of 400 to 600 whole-specimens
per sample. Thus, the.results Qf the préseﬁt investigation
are compatible with previous and'current studies in this regione
3)7 Ah attempt to include rare species would necessitate counts
of perhaps 5,000 to 10,000 specimens per sample. Such a procedure
would be inérdinately time-consuming and is ndt within the
logistical bounds of the present investigatione

A slide from each lake was examined by the transect methode
In general, specimens tend to be distfibuted randomly on the
preparation;‘however, in many instances there is a marked

“edge effect". Large cells, e.ge, Stephanodiscus niagarae,

Fragiiaria crotonensis, F. capucina, and Asterionella formosa




15

tend to accurmlate around the periphery of the preparatione

Therefore, to reduce over~representation of such specimens,

a transect across the preparation was always completed.

Whole cells were tallled as 1.0; separated valves were recorded
as 0.5, The exact sample size for each lake is given in Table 22,
and summarized statlstlcally in Table 2&.

The number of specles encountered in a sample is dependent

drupon sample size (cf. Hohn 1959)- Because the decision to use

a count of 500 whole—cells per sample 1s arbltrary, an attempt

was made to 1nvestigate the numerlcal contributlon of less

" abundant species to the community.

A sllde from each of nine lakes was prepared by the technlques
outllned abovee Sufflclent dlatom materlal was used so that
2-6 complete transects through one "spot" would yleld about
1000 individuals. .Speclmens were 1dent1f1ed, scored according

to species on data sheets, and tallied to a level of 100 + 2

.individuals. The procedure was repeated until 1000 + 2 cells -

had been enumerated.

| A representative plot is shown‘in Fig.;L.‘ As expected,
the number of specles encountered increases w1th sample sizeas
The form of the curves, however, varies in different lakes.
For example, in Lakes Trout, Shagawa, Elk, and Salt the
accumulation of species tends to be linear with increasing

count sizes In Lakes Burntside, Itasca, Sallie, and Spiritwood,

the species/individual curves appear to “"plateau" near 800
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individuals; The sample size used in this study certainly does
not reveal all of the species that are actually present in a
sample; in fact, if the sample size is increased to 4,000-

- 5,000 individuais, the number of taxa recorded could easily
double (cfe Patrick et al. 1954) N

The numerlcal 1mportance of the domlnant and common specles

" and the mlnor contrlbutlon of the less abundant species, however,

.can be demonstrated in these analysese The percentage value
of newly enconntered species for an increment can be read on

the rlght-hand ordlnate of Fige h. An examlnatlon of percentage

- values 1nd1cates that, after 600 1nd1v1duals are enumerated,

the contrlbutlon of newly encountered SpGCleS is generally

_ < 2,0 per cent. It is reasonable to conclude that for the

sample s1ze utlllzed in the present study, the domlnant and

common specles are adeqnately represented. |

Effects of sample size on ratio estimates

Intultively, an estlmate of a diatom ratio would be expected
to oe dependent upon sample size. No 1nformatlon on this
phenomenon, however, appears to be avallable.. The three ratios
utilized in this study (i.e. A/C Stockner and Benson 1967,

C/P Nygaard 1949, and a modified A/bt expression) were examined.

The data generated in the above analyses were used fbr |
these purposes. Estimates of each ratio were computed at
cumilative increments of 100 individuals, to a terminal level
of 1000 + 2 individuals. In addition, two slides from each of
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the nine lakes were examined in cumulative increments of

100 + 2 individuals, to a terminal level of 500 + 3 individuals.

The presentation of the results is limited to three representative

analyses.

The AAQS ratio, a méasure of the abundance of Araphidineae
divided by the abundance.of Centrales, generélly shows significan£
variations in value, e;pqcially from 100 to 400 individuals
(Fige 5)o In several lakes, ise. Pickerel, Salt, and Elk,
the value of the ratioidoes noi ﬁplateau" with increasing
samplé size, even in the range of 500 to 1000 individuéls.
Stockner and Benson (l§67) and Sﬁockner (1971) routineiy examine
100-125 cells in twb preparations from a sample. Moreovéq; '
| they attempt to detéct "small" diffe?encesvin rétio'vaiue,
jeee O = 1.0 (oligotrophic), 1.6 - 2.0 (mesotrophic),'#ﬁd "

240 (eutrophic) lakes. | | | B

These observations demonstrate‘that thé:A/Cs ratio is
highly dependent upon sample size,_ahd that an examination of
100 to 300 individuals is probably inadequate. A count of
500 -« 600 individuals pef sample, however, appears to give a |
reasonable estimate of the ratio. |

The results of the duplicate counts are given in Fig. 6.
Except for Lakes Spiritwood and Itasca, A/Cs estimates show
moderate to strong dependence on sample size. In all of the
lakes excépt Trout, duplicate estimates are in better agreement

with one another at 500N than at lower levels. Six of the lakes




show reasonably good agreement between duplicate estimates

at 500N; however, Lakes Salt, Elk, and Trout show highly significant

differences in value.at this level.

The effects of sample size on estimates of Nygaard!s ratio
are presented in Fige 7s Thevratio is derived by dividing
the number of centric species by the number of pemnate epecies.
In five of the 1a.k¢s (Burntside, Salt, Spiritiwood, Sallie, and
Itaeca) the ratie_is reiatireiy stable over a eount size of
1000 individuais."in the other 1akes§ however; there is
considerable variaﬁion dn the value of the estimates

An examlnatlon of dupllcate counts also reveals a marked
dependency on sample-51ze, and varying degrees of agreement
between estlmates ‘at the same levels (Fig. 8)e Only'Lakes
Salt, Spiritwood,:and Saliie yield increment relues that appear
to be independent of sample size. c/p values in Lakes Trout,
Shagawa, Pickerel, Elk, and Itasca, however, are highly
dependent on the number of specimens examlned and, in addltion,
show 51gn1f1cant differences 1n dupllcate values at most levels.

Nygaard does not state explicitly the range of C/P values
for trophic types. On the basis of his examination of 15 lakes
and 20 ponds in Denmark, 1t appears that he uses the follow1ng
limits: O - 0.3 (ollgotrophy), Oel ~ 0.75 (mesotrophy),
0.6 = 6.0 (eutrophy). fhe dependence of this ratio on count
size indicates that lakes could be assigned to extreme frophic
categories simply on the basis of the number of specimens that

are examined.
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The A/Ct ratio was derived empiricaliy during the present
study. The number of species in the two'diatom groups, instead
of the abundance of individuals, is used tb'compute a ratio.
The influenée‘of sample size 6n A/Ct estimates is similar
to that already demonstrated for the A/C_ and C/P ratios.
Except for Shagawa Lake, estimates show considerablé variation

in the range of 100 to 400 individuals (Fige 9)s In five lakes

(Itasca, Sallie, Burntsidé, Pickerel, and Spiritwood), the

ratio appears to be independent of sample size, but in the

other lakes estimates afe moderatelylto highly variable, even

from 500 to 1000 1nd1v1duals.
Dupllcate estlmates showed that only one lake, P1ckerel,
appeared to be insensitive to count size (Flg. 10). Ratio

values from the other eight lakes exhibit varying degrees of

‘sensitivity to sample size. Agreement between duplicate estimates

" at the level of 500 individuals was not necessarily better than

at 100, 200, or 300 individuals. An estimate of this ratio,

therefore, is highly sensitive to Sample sizee

Evaluation and precision of ratlo estimates

The data generated in the above investigations can be used
to compare the relative dependence of each ratio on the size
of the count. A mean square error (MSE) statistic was calculated
over each cumulative increment of 100 individualse. As the
"best estimate” of the trﬁe value of each ratio, the estimate

at 1000 individuais was usede The design of the test can be
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stated as followse

Let Ho,i = the best estimate of the ratio R for lake i,

Hl,i = estimate of R for the 100 individuals N for
. hke i’

i = estimate of B for 200 N for lake i,

oo . 7 | |
| Hg;i = estimate of R for 900 N for lake ij
| g
o hgyl = Hoyl = H4l; |
where hl-9’i is equivalent to the error in an estimation of R.
The MSE statistic for each level for all nine lakes is
MSE (H;) = 3 b}, i/n-1
i=l .
MSE (H,) = 5 h5, i/n-1
2 Rk 2
, i=1
MSE (Ho) = D, hgs i/n~1
i=1
where Hyy Hyy oee H9 are the MSE estimates for each level and

n is the number of observations (here n = 1 = 8).
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One would predict that,‘as sample size'increases, MSE
should decrease, an indication that R is approaching the "true"

value. Furthermore, the rate of decrease in slope indicates

the rate at which the error of estlmatlon is undergoing reduction.

~ The ideal situation would be one in which there was a relatively
low initial (100-individual level) MSE value, followed at subse=
quent intervals by rapldly decrea51ng MSE estlmates.

Interval MSE values are shown in Figs. 11, 12, and 13.
'Ih all three cases, there is erratlc varlatlon from 100 -_AOO
individualse MSE values fer‘the c/p ratio shoﬁ a relatively
" linear decrease beyond 400 individuale. The same trend ie
 evidenced for the A/C, ratio, but beginning at 500 individuals.
High;y erratic MSE values feroughoutthe range ofeloovf 900
individuals are observed fof the.A/bs ratioe. | |

The relative magnitude of MSE interval estimates provides
an objective basis for ranking the ratios. At the level of
800 =~ 900 individuals, the error in estimation is greatest for
A/C » lower for A/C,, and least for C/Pe '

Because of the paucity of 1nformatlon on the precision
of ratio estimation, especially in samples from different
environments, replicated counts for each ratio were evaluated
statistically. Three independent measurements from each of the
nine study lakes were used to calculate two expressions for
dispersion, the standard deviations and tﬁe coefficient of

variation C. Ve (Tables 2, 3, and 4)s Two of the estimates
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for each ratio werevtaken from thé duplicate (sample.sizé)v
analyses (the 500 + 2 individual level); a third was obtained
from the routine analysis of the 68 lakes. Sample sizes for
the latter estimates can be found in Table 22,

The range in C. V. and average value (X for nine lakes)
of each ratio can be summarized as follows:

A/Cs, 0.76 to 72.76, X = 31483 per cent

A/C,y 11.67 to 92.7, % = 4L1.56 per cent

C/Py 2437 t0 77+39, X = 31.47 per cent
The precision of rétio estimates can be judged as good, in a
few cases, to poor in other instanées. AcC. V. > 30 to 35

per cent indicates relatively poor precision, especially if an

~ attempt is made to impose the criteria of trophic placement

- proposed by Stockner and Nygaard.

The-factors responsible for moderate tq poor precision
werevnot investigated systematically; In the present study,
it is likely that 1) the “edge effect”, 2) the clustefing of
individuals, 3) the retention of the filamentous or colonial
state in some species, e.ge Melosira spp., Fragilaria SPPey .

and Asterionella sp., and 4) the variation in the distribution

of specimens on the preparation, all contribute to this biase

Improvements in precision undoubtedly could be achieved by

increasing the sample size or by replicating the counts, or both.

The foregoing investigations on diatom ratios have led
to the following conclusions: 1) Ratio estimates are highly

sensitive to sample size, especially in the range of 100-400
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individuals. ?) Replicate determinations indicate that the
precision of estimation infrequently is good (Ce. Ve < 10 per
cent), more often moderately acceptable (Ce Vo 15-30 per cent),
and in about one~half of éhg samples poor (Ce Vo > 40 per cent).
3) The MSE statistic ranks the ratios according to their

dependence on sample-size, in order of greatest to least,

Alc . p/C,, C/P.

Quantitative Analysis |

The quantitative analysis(of whole—ﬁater samplés waéjbased
on the méthods proposed by uiermahl (1958) and Lﬁnd et al.
¥(1953). The inverted microscope technique, which uﬁilizes
natural seﬁtling aé a method of concentrating phytoplankton;
minimizes damage and loés of organisms and substantially reduces
counting errors. A Wild inverted microscope (MLO-82741) was
used for all observations.

The quantitative samples were shaken thofough1y3 EEEEEQ
into five or 10 ml settling chambers, and allowed to settle
on a flat surface, Preyious expefience has shown that pipette-
transfér of sample aliquots cah result in fragmentation of delicate
algal colonies. Settling times of at least 2L hours (5.0 ml
chambers) or at least 48 hours (10 ml chambers) were used. |
Algae were identified at magﬁifications of 100, 200, 500, and
1000X. Counts were madé by the transec£ method (Utermohl
1958, Lund et al. 1958) and at a magnification of 500X.
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'Previous statistical studies (Lund et al. 1958) h;we
shown thét counts of 400 individuals per sample generall&
result in counting errors that are < igo per cente In the
present study, generally one sample aliquot per lake was examined,
and 450-700 individuals were talliede In lakes with small

crops, two or three aliquots were examined. These procedures

‘are consistent with those recormended by the International
Biological Programme (Margélef 1969) and by the Biological
" Methods Panel on Oceanography (Wbod.g§,§;.‘l969)o

There is disagreement regarding.the most meaningful
units for expréssing quantitativé data, i.e. "abundance"™ may

be expressed as organisms (= individuals), cells, cell or

individual volumes, or biomass (cf. Margalef 1969, and Wood

‘gg.gi. 1969). I have recorded "abundance® as physical units,

i.c. unicelluiar drganisms, filaments, and colonies were
assigned a value of one. This procedhre is commonplace and

entifely consistént with the aims of the present investigation.

‘Initially,'an attempt had been made to compute volume estimates

~ of individual taxae Species in different lakes, howefer, vary

in their size. Reasonably.accurate estimates of algal volume

would require measurements to be made on tens of thousands of

individualse. Such a procedure is beyond the logistical bounds

of the present studye | |
Phytoplankters were partitioned‘into "net”" and '"nannoplankton®

during qﬁantitative anaiysis. Organisms > 60u were tallied

as net plankters; those of smaller dimension were recorded as
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nannoplankters. The 60 u limit is arbitrary, but it is in

close agreement with the valﬁes used by many other investigators
(cfs Kristiansen 1971)s All of the standing crop estimates
are reported as orgahismsyhl. Each one of them represents |
an average estimate of the number of érganisms in 1.0 ml of
water from the "euphotic" zone. They do not represent areal
estimates of standing crope

The precision of quantitative estimates Qas evaluated by
counting duplicate samples from eight lékes. These results
are given in Table 5. Counts var:.ed from +0.6 to +12.8 per
cent about the mean, with a mean df'iS.l. Thé corresponding
values for Co Ve raﬂged from 0.8 tb 18.l:pervcent, with'a'mean

value of 7.2 per cent. These results indicate that precision

in the presen£ study is significantly higher.than in many

other studies.

i\ ) .

Selection of diversity indiées

Several indices have been used to express diversity in
algal communities. In the present investigation, two of the

most commonly used expressions, D (Margalef 1958) and H

- (Shamnon-Weaver Information index, 1963), were selectede This

permits the greatest degree of flexibility in comparing the
results with other investigations. ’
The index
D=>5-1/log N, (1)

where S is the number of species and N the number of indi#iduals,



was proposed originally by Gleason (1922), The index is

independent of a theoretical statistical distribution. It

is based on the presumed linear relationship between the number

of species and the lbgariihm of the area or the 10gérithm of

the number of individuals in a habitate. D is calculated by

summing the taxa. 1n a Sample, less one, and dividing by ].oge N
In Informatlon theory, a measure of the total diversity

of a syst.em is g:wen by the express:.on

SN A .
L 5 1og (2)
. DN N, o83 Nl! N2! =y

where ihere are m spec‘ies and N s totai individuals (Margalef
1958, Shanﬁon;Wéai}er' '196'3):. In Vsan.xples tvhat. contain large
numbers of speéies; and individuals, as in plankton investigations,
the expression is' usually abandoned, because it is cumbersome
and time-conéimﬁng to calcukte. The application of Dy to
plankton stuch.es, however, is not legltmate (Pielou 1966).
The index is intended for use in systems in which all m and N
are known. Generally, it is :unposs_lble to record all species
in a plankton collection. _ |

As an approximation of D_, Shannbp's (1963) index of

diversity is used routinely:

‘'n _ ' :
* =3 pilog pi (3)
=) A

vhere pi is the probability of occurrence of the ith species
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and n is the number of species.‘ In sémpleé, pi‘is eétimated
from n./N_, i.e. the number of individuals in the ith species
divided by the total number of individuals. This index combines
the number of spec1es wlth the apportionment of 1nd1v1duals
among SpeCleS (evenness) into an estimate of diversity. The
choice of logarithms is arbitrary. In the present study, | ' |
diversity is reported as bits/cell for diatoms, and as bits/
individual for quantitaﬁive samples. Logarithms to base 2
have been used eiélusivély.' The mathematical derivation of H
has been presented by Branson (1953) and/Brillduin (1956).

The evennéss componeht of H diversity, J, was computed
-and used as a commmity property (Plelou 1969). J is calculated
.by d1v1d1ng H by the theoretlcal maximum dlver51ty (1og2 of

the number of species),

Properties of the indices

Measurements of diversity that are based on different
mathematical or statistical expressions Qould be expected to
be dissimilar in value. An examination of equations (1) and
(3) indicates that both indices are equal to zero in ﬁonospecific
populations, and that the value of each index is maximal when
every individual in a sample belongs to a different speciess
D and H, however, are intrinsically different measures of
community structure,

The index D does not discriminate between.dominant, common,

and rare species, ie.es all taxa are weighted equally. This
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can be demonstrated for communities of 500 individuals, each

containing a different number of speciese

No. Species D
10 1ok5

15 2425

20 3406
25 3.86

As demonstrated eariier (See diatom sample size), fhe number
of épecies encountered in analysis ié, in part, a fﬁnction of
mmﬁmemmm&wmmwmﬁmmmma
upon the-size of the count (See also Effects of sample size
on diversity estimates below). _vv

z_EstimateS of species diversity derivéd by Shéhnon's equation
- (3) are regarded as héving iﬁo cbmponeﬁts:. the number of'species;
and the-félative abundance of individuals among species. The
effect of species number and relative abundance on values of
H is not as apparent as in the case of D. To evaluate the effect
of species number of estimates of H, data ffom the diatom
analysis of nine lakes were conéidered.. For each laké, a
sequential incorporatibn of ranked species was performed,
i.e. the species are ranked in abundance, from highest to
lowest, with H being calculated after eacﬁ successive species
iﬁcorporation. These results are shown in Fig. l4e The value
of H increases rapidly és the most abundant species are addede
After the 10-15 most abundant taxa have been incorporated, the

value of H tends to become asymptotice The addition of "rare®
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species, therefdre, has little effect on the value of H.
These observations are in agreement with those reported by

Sager and Hasler (1969).

Eguivalence of indices

Phytoplankton_commuhities have.been compared on the basis
of diversity values derived frdm different indices (ch
Margalef 196h‘and,1968). Itbis pértinent here to investigate
rthe numerical equivaléhce éf,the index values generated by H
and D. » ._ |
Threevpéired daté sets.df H and D were used for these'
 comparisons. 1. A hypothetical population in which H = o
(theorétical maximum divéréiﬁy).ﬁas constructed (Fig. 15).

D and H values were céiculéted at each speciés level; tb a total
of 70 speciess 2o Thevdiatom diversity.valneé that were
generated in the présent Study (Fig. 16). 3. The diversity
values of thé whole~-water samples that were generated in the
present study (Fig. 17)9

v Correlation coefficients between H and D and paired t~test
computations (Lewis 1966) for these contrasts are set out in
Table 6. In each case, both indices are highly correlated,
but the meanvvalues are highly dissimilar. These observations
indicate the indices do not yield values that are numerically
equivalentse D and H should not be used interchangeably in

comparing the diversity of algal communities.
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Effects of sample size on diversity estimates

In any study that deals with species diversity of algal
comrnunities, one of the major objectives should be to obtain
estimates.that are hﬁepmdent of sample sizee An examination
of the literature demonstrates that investigators have used
widely differing count sizes and appear to have avoided or
ignored the bias that may be introduced by saniple size. Biased
estimates impose serious limitations on the extent to which
valid comparisons can be made internaﬂy in a study, and,
ultimately, hamper an objective evaluation of data reported
by mdependent J.nvestlgators. - |

In the present study, an attemp’c. was made to evaluate

the effects of sample size on’ est:.mates of D and H in diatom

and in whole-water commmities. Samples from nine lakes,

represent:.ng the spectrum of chem:r.cal conditions encountered

in the study reglon, were selected for study.

The data generated previously in the studies on diatom
rauios were used in these anal-yses—. Quantitative samples
were adjusted so that three to four comolete transects across
the chamber were necessary to enumerate 1000 speciniens.
Individuals were tallied to a level of 100 + 2 individuals,

the data sheets scored according to species, and the procedure

‘ continued in cumilative n.ncrements of 100 +2 mdlnduals

unt:.l 1000 + 2 specimens had been counteds In addltlon,

duplicate counts from the same sample were made in increments
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of 100 + 2 individuals, to a terminal level of 500 # 2 individuals.
The presentation of results is limited to three plots that are

representative of the nine analysese

4

Diatoms
The effgcts of sample size on estimates of D and H in
diatom éommuhities are shown in fig. 18 and Fig. lé; respectivelye.
In Lakes Elk, Spiritwood, Trout, and Burntside, D is markedly
sensitive to coun£ size, especlally in the range of 100 to 500
individuals. In the other lakes, the effects are less dramatice
Comparétively,'estimates of H are relatively stable throughout
‘the range of‘500 to lOOO.individualS. Significant variations
aré notéd in some lékes, but.these oécur between:loo and,300
tivimara, . 0
The}reéults of dﬁplicate'counts for D and H are presented
in Fige 20 aﬁd Fig. 21, respectively. In most samples, D
~ shows a marked dependehce on sample size. Paired values in
the range of 106 to 360'individuals, howeier, can vary
significantly. Generally, duplicate values of D at a level
of 500 individuals aré.in rélatively good agreement with one
another. Lakes Ttasca and Burntside, however, show relatively
large discrepancies between paired values even at the level |
of 500 individualse
Conversely, estimates of H at and above the level of 200 ’

individuals are less affected by count size.




Whole-water communities

The effects of sample size on estimates of D ahd H in
whole-water samples are shown in Fige 22 and Fige 23,
respectively. An esiimat; of D generally is markedly dependent
on count sizee In Lakes Itasca, Minnetonka, Vermilion, Loon,
Elk, and Pickerei, D shows'a.highly drématic dependence in
the range of 100 to 500 individualse In most of the lakes,

D tends to increase with inéreasing samplé size, and then to
"plateau” at larger sample sizes. In three lakes (Shagawa,

Vermilion, and Loon), however, D continues to increase even

at larger sample sizese Over the range of 100 to 1000 individuals,

estimates of H tend to be remarkably consisteﬁt. Variations
are confined primarily td,the interval-ofhlbO;ZOO individuals.
" Duplicated estimates of D and H are shown in Fige 2 and =
Fig. 25,-respectively. D ﬁends to increase with increasing
sample size. Estimates at the level of 400 to 500 individuals
generally are in better agreement with one another.than at
lower le&els. Lakes Minnetonka and Elk,.however, exhibit a
divergence of paired D values asvthe sample size is increased.
Paired H estimates; conversely, are in good agreement with
one another, especially above the level of 200 individualse
There is no evidence of the degree of variability exhibited
by D.

1

These observations demonstrate that, in diatom and whole-

water commnities, estimates of D can be highly dependent upon

sample size. The explanation for this phenomenon is that the
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“index does not discriminate between the relative abundances of

the species in a éample. A species that contributes a fraction

" of a per cent to a community (cf. Fige 4) is weighted equally
with a species that 1s a dominant member of the commmnitye

If the accumulation of species in a sample isra}ﬁd relative

to the increase in total individuals (e.g. in commmities

with hlgh d:.versn.ty) ’ the value of D generally tends to increase.

Conversely, cormmnutles w:x.th relatlvely low dJ.vers:Lty may show

values of D that decrease as the size of the sample is increasede.
From these observatlons 11; can be concluded that, in diatom

conmnm:.tles, an eshlmate of D in the range of 100 to 400

. ::.ndn.v:.duals is blased. Counts of diatoms in wh:.ch 500 to 600

| _mdlnduals per sample are enumerated, as in the present study,

pronde eéstimates that are moderately sens;’c.:.ve to sample size.
Estimates of D in samples of whole-water, likewise, are

sensitive to variations in sample size. In the present study,

- cQﬁnts normelly- range between 450 to 750 individuals per

sampie_. Index values are probably slightly to moderately |
biased by semple sizee. | o |

A measure of H diversity ‘in both types of samples is a
highly censerveiive estimate of commmity structure. An
enumeration of 300 cells in diatom communities or 300 individuals
in quantitative samples, prondes estimates that are nrtually
:mdependerrt of sample sizee The sample sizes used in this

study are large enough to eliminate the biase
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The prenounced effects of samplelsize on D estimation is
a highly significant observation. Mergalef (1964) has suggested
a trophic ecale that is pased on phytOplaﬁkton diversity values.
Lakes with a value of 345 to L0 are classified as oligotrophic;
those with values of 1.0 to 245 are considered eutrophic.
Although Margalef does not glve preclse values for "mesotrophic" ‘
lakes, dlver31ty estlnmtes in the range of 245 to 3.0 are

An examlnatlon of the effects of sample 51ze on D in whole
samples demonstrates that Lakes Elk and Nokay (Figs 22) could
be assigned to dlfferent trophlc categorles, dependlng entirely
upon the ‘size of the eount. For diatom communltles, Lakes
| Splrltwood and Burnt51de, llkew1se, could be placed.ln different

trophic categorles.

Evaluation and precision of diversity estimates

The compafative dependence of H and D on sample size can
be ascertained with the use of the mean square error statistic
(MSE)e The rationale for the applieaiion of thié statistic
was given previeusly. As the best estimate of the true value
of diversity, the estimate at 1000 individuals was usede

The reSults of these analyses‘are shewh graphieally for
diatoms (Fig;.éé) and fof ‘whole~water samples (Fige 27)e In
both cases, H exhibits a very low 1n1t1al MSE statistic, 1nd1cat1ng

that even at small sample sizes, the error in estimation is much

lower for H than for De In addition, H becomes asymptotic more
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rapidly and at lower MSE levels than D. These data inaicate |
that H is essentially independeﬁt of sample size between 300
and LOO individuals. Estimates of D, however, tend toward
independence between‘700 and 800 individualse |

Extremely few data have been published on the precision
of diversity estimation. Tovassess the degree of variability
that is inherent in counting‘techniqﬁes, replicate estimates
of D and H in diatom and whole-water samples were evaluated
statistically. Eacﬁ data set consists of the nine samples.
The three estimates of H and D diversitj fsr each lake are
independent measurements from the same sample.
The results of these calculations for the diatom samples
are.summarized in Table 7 andv8, respectively. The C. V. for
D ranges from'l.h9 to 27,17 per cent, with‘a-mean of 10,70
per_cent;‘ H estimates ere more precisee The Co Vo ranges
between 0,65 and 1L.55 per cent, with a mean of 5.94 per cente
The precision of D and H estimation in the quantitative
samples is summarized in Table 9 and 10, respectivelys Each
" estimate is basedlon a count ofISOO‘i 5 individualse The Co Ve
for D ranges between 1.26 and 19.19 per cent, with a mean of
9437 per centes Replicate values of H generally‘are more precise
than D¢ The Ce V. for H ranges between 0.03 and 421 per cent,
with a mean Ce Ve Oof 1.92 per cente | | '
These observations demonstrate that the precision of H_
estimetion can be judged as good to excellent. A greater degree

of precision was detected in whole-water samples than in diatom
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samples., This probably is due to the combined effects of a

reduced "edge~effect”" and to a lesser degree of clumping in
the samples. | _

In general, repiica‘t;e estimates of D aré iess precise
than He The values of D reported in this study can be judged
as acceptable to moderately acceptable, They can be used to

evaluate regional trends or to compare groups of lakes by using

. average diversity valués.. A considerable degree of caution,

however, should be exerc:.sed in comparn.ng lakes on the basis

of estimates that d:.fi‘er by <20 per cent,

Chemical Measurements
The chem:.cal analyses of major cat:.ons and anions were
performed by Dres M. Mantuani. The methods are essentlally

those outlined in Standard Methods (1905). The methods used

by Bright (1968) are detailed in his report. Chemical analyses

provided by E. Gorham are based primai‘ily on the procedures

given in Mackereth (1963).

- Data Computation

_Many of the statistical analysés were performed with a

Control Data Corporation 3600 .compu'ter located at the University

of Minnesota. Extensive use was made of several programs -

(University of Minnesota Statistical Programs Manual, Anderson .
and Frisch 1971): UMST 500; UMST 530; UMST 600; UMST 610.
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Two programs for computing standing cropy several diversity

indices, and related statistics were developed specifically

for use in this study (Tarapchak and Buben 1973).
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CHAPTER III

PHYSTCAL~CHEMICAL CONDITIONS

In this investigation, temperature profiles were taken
in each lake, and measurementS‘were.made 6ﬂmtransparency,
specific conductance, and £he concentration of major anions
and cations. .The regicnal_trends displayed by each of the

latter three measurements are discussed in'detail.

| Temperature
The temperature of the surface wateré of the lakes rénged
between 5.0 and 17.5C (Table 11). These values are well below
temperatures that normaliy occur at this latitude in July or
August. The results of depth profiles of temperature indicate
that most lakeg were isothermal. Thermal stratification at
depths below normal mid-summer levels, however, was encountered

in several relatively deep, wind-protected lakes (Table 12).

- Transparency

Secchi-disc transparency of the surface waters exhibits
an 80-fold difference between the lowest (0.5) and highest
(40.0 feet) measurements (Table 11). On the average, transparency
is high in the lakes of northeastern Minnesota, and intermediate
in lakes of the central region of the state. The prairie lakes,
especially those in Nor£h Dakota and South Dakota, have trans—
parencies that generally are < 3.0 feet, and often < 1.0 foot

when visible -algal blooms are present (Table 12).
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Reciprocal secchi disc values are highly cérfelated with
individual solutes, specific conductancé, and the standiﬁg
crop of algae (Table 13), an indication that transparency
decreases with general chemicél enrichment.

It is of iﬁterest‘to compare the transparency measurements
made in this-study_with two previous investigations; Pete;;on
(1971) sampled 1,451 lakes in Minnesota; and reported a median
of 7.8 feet. His computations reveal that 818 1ake$ in northern
Minnesota have a median transparency of 8.5 feeto Lakes in‘
the central and in the southern area of the state have lower
secchi disc values (5.5 feet for 411 lakes). The median
value detected here is-réughly comparable to Peterson's results,
especially if the highly turbid lakes in South Dakota and
North Dakota are_éliminated in the computation.

The transparency measurements made by Bright (1968) can
be compared directly with those of the present study. Eighteen
lakes sampled by Bright aiso were included in the présent studye.
For these lakes, the meaﬁ secchi disc value detected by Bright
was 10.17 (s = 11.5); thét of the present.study was 9.51 |
(s = 10s5)s A t=test utilizing a pooled estimate of variance
indicates that the values are not significant at P = 0,01l.
Although transparency varies seasonally in the same lake, it

seems 40 be reasonably stable over a broad region.
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Specific Conductance

The salinity of the lake waters, expressed as specific
~ conductance (umhos et at 25C), exhibits over a 2,000-foid
difference in value (Table 11). The measuremeﬁts range from
1, (Dogfish Nos 17) to 31,783 (Eckelson No, 18), with a mean
of 2,036 and median of 293. The disparity of én order of magnitude
between the lattér two values is.due to the extremely high
levels of éalinity thét wefe encountered in several prairie
lakes. | |

Specifi;léohdﬁétanée may bé ﬁsed as an expression for
’salinity because of ihe dégree of correlation between the two
measurements (Hutchinson.1957).- In this Study, the mean le&el
of salinity:was 52.7 meq/le A correlation betwéenvspecific
conductance in umho cﬁ”l at 25C‘and salinity in meq/l for
63 lakes yields a céefficient of40;922. The.predicting equation
ié y = 36.5 (salinity) + 163. |

On a geographic basis, regional‘differences in salinity
are reasonably well delineated. Thé general pattern cénsists
of low (< 75) levels in lakes of northeastern Minnesota,
intermediate values (150 to 500) in the majority of lakes
located in central Minmesota, and high levels (>1,000) in
most of the prairie lakes (Table 12), These trends are
comparable to those already reported by Bright (1968) and

by Gorham (1971 and unpublished).
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vSpecific conductance is‘é relatively conservative parameter
in the majority of north-temperate dimictic lakes of moderate
sizes In small lakes with large drainage basins and in shallow
prairie lakes, however, variations of over 100 per cent can
occur seasonally or from year to year. Because of the importance
of specific conductance in.the ensuing analyses, the measurements
that were madé in the present study were compared with previous
estimates (Bright 1968, Gorham unpublished).

These estimates are summarized in Téble 1L. A cursory
examination of the data indicates that, except for ; number.of
prairie lakes (No's. &, 28, 48, 53, 58, 62) and several Shield
lakes (No's. 33, 55, 64), replicated measurements for the same
lake are in reasonably good ag:eément with one another.

In order to determine if this set of salinity measurements
(1) is statistically similar to previous measuremeﬁts (2),
paired data sets for 52 lakes were compafed (Table 14). The
prévious measurements were computed as a mean, and then all
available estimates for.éach of the lékes wérevaveraged. The

results of these computations weres

X s r
l. Present 1,202 3,054 1-2 = 759
2. Previous 1,133 2,389 1-3 = .952
3. Combined 1,175 2,569 23 = .922

A t-test utilizing a pooled variance estimate indicates
that none of these contrasts is significantly different at

P = 0.05. Because of the observation that differences in
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salinity do oceur seasonally, and can be expected to change

dramatically in many of the shallow prairie lakes, I have

elected to use the average value (3) in all subsequent calculations

and analysese

Specific conductance is significantly correlated with
each of the major solutes, and exhibits a positive correlation
with standing crop and an inverse correlation with secchi

disc measurements (Table 13).

Major Solutes

The concentration of major cations and anions for 63
study lakes are presented in Table 15. These ﬁeasurements
were compiled_from three sdurces: 1) the analyses performed
in the present study; 2) the unpﬁblished data of Gorham; and
3) the analyses reported by Bright (1968). Except for a number
of'prairie lakes, independent analyses of the major solutes
in northeastern'and,central lakes are in extremely good agreement
with one another. The procedure in selecting a representative
suite of major solutes for these lakes was to utilize the
determinations made in the present study. For lakes that were
nét analyzed chemically in the study, the data of Bright (1968)
or Gorham (unpublished) are utilized.

A comparison of independent analyses of major solutes
from several prairie lakes reveals that the concentration of
individual ions varies by as much as 50 to 100 per cent. In
an effort to select representative concentrations, two or more

sets of data are averaged for some of the lékes.
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The concentration of cations and anions in freshwater
lakes should equal one another (Hutchinson 1957)« For the ion
suites given in Table 15, the concentration of cations and
anionsvis 31.9 and 20.8 (meq/1), respectively (ratio = 1.18).
This is a poor balance., If seven lakes are omitted (No's.
2, 3, 18, 23, 30, 38, 46), the mean cation and anion
concentrations for 56 lakes are 12.5 and 12.2 meq/l, respectiveiy
(ratio = 1.02). k

Sﬁmmary statistigs-for the major solutes are set out' in
Table 1l. Each ion exhibits a large range in value, especially
chloride, sodium, and sulfate. Most ions are posifivelyvand
significantly correlated_with_qne another (Table 13).

The chemical characteristics of the sﬁrface ﬁéters exhibit
-marked regional différences.‘ Lakes in northeastern Minnesota
are dilute bicarbonate waters. lThose distributed throughout
central Minnesota are moderateiy to highly buffered bicarbonate
waterss The prairie lakes are bicarbonate or sulfate waters,
with relatively high concentrations of magnesium and sodiume
A more detailed discussion of regional differences in solute

concentration is presented in.Chépter Ve




CHAPTER IV

REGIONAL PATTERNS IN PHYTOPLANKTON DISTRIBUTION

One of the major objectives of the présent study is to
investigaté patterns in the distribution of phytoplankton in
Minnesota lakese The existence of a broad spectrum of trophic
conditions in the reglon provides a framework within which
to evaluate numerous properties of diatom and phytoplankton
communities as indicators of trophic conditions. The analyses
undertaken here will focus primarily on net phytoplankton
expre551ons, diatom ratios, standing crop of algae, and spe01es
diversity in communltles of dlatoms and whole-water phytoplanktono

Each of these expre551qns has been used or hypothesized
as an indicator of trophic conditions in north~temperate lakes.
The results of the present'observations can be used to test
these hypotheses generally, and to determine the degree to which
the expressions apply to Minnesota lakes. Ultimately, these
fesults will form a basis for selecting phytoplankton variables
that can be used in investigating classification schemes of

Minnesota lakes.

The Gradient Parameters
The concentrations of major anions and cations, secchi-disc
transparehcy, and specific conductance indicate that the surface
waters in Minnesota lakes exhibit marked trends along a diagonal
that is oriented roughly northeast to southwest in the state.

The lakes in northeastern Minnesota are chemically dilute
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waters of high transparency. Prairie lakes in Minnesota and
especially those in Worth Dakota and South Dakota are highly
saline waters of relatively low transparency. Between these
éxtremes in central Minnesota, lakes tend to increase in salinity
from north to south, and in a westerly direction as well. The
saliﬁity levels and transparency bf these waters are intermediate
between the extremes.
The lakes in this region can be regarded as differing
substantially in their nutrient levels and productivitye
Moyle (1954) has shown that concentrations of total phosphorus
and nitrogen increase from'northeast to southwests Mean levels
of total phosphorus, for example, are 0.025 ppm in the northeast,
0.030 to 0.050 pph in centfal Minnesota, and 04100 ppm in the
prairie. Total alkalinity (= CaCO3 ppm) also increases from
northeast to southwest. The mean alkalinity levels given by
Moyle for these geographic provinces are similar to those
detected in the present study. : ' |
The regional trends described above can be regérded as a
trophic gradient (cf. Moyle 1954). On a volumetric basis,
the northeastern lakes are lower in nutrients and less productive
on the average than the lakes in central Minnesota. The prairie
lakes in turn have higher nutrient levels and are more productive
than those in the central regiqn of the states It should be
emphasized, however, that "productivity" as used here and by

Moyle is based on volumetric considerations. Most of the lakes
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in the prairie are shallow, with euphotic zones that frequently
are less than 1.0 m in depth (cfe. Table 12). Oﬁ an areal
basis, howe#er, the euphotic zones of the deeper lakes in
central Minnesota may be more productive than those of the
prairig.

The parameters that were selected to characterize the
grédient are specific conductance, total alkalinity (CaCOB),
calcium plus magnesium (D, Ca + Mg), and secchi disc (SD).

Each parameter exhibits a relatively large range between its
extreme values (Table 11). The first three are low in the
- northeastern lakes and are high in the saline prairie lakes.
Secchi disc is inversely correlated with these parameters,
being high in the northeast and low in the prairie lakes.
The standing crop of phytoplankton was used as a sole biological
gradient parameter., Although it is a community property under
investigation, it is used here as a rough measure of the level
of planktoh productivity (cf. Vollenweidef 1971}, The
justification for its use is that it is significantly correiated
with each of the other gradient parameters (Table 13). These
five barameters that are used to define the gradient meet the
requirements of trophic-state indicators. A further discussion.
and a rationale for their use as trophic-state variables in lake
classification is presented in Chapter V (Trophic State And

Selection Of Indicators).
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A1l of these parameters are significantly éorrelated with
one énother (Table 13). Multiple correlation analyses, using
each parameter alternatively as the dependent varlable, indicate
that the coefficients are highly significant (Table 16).
These parameters, used singly or in combination, are regarded
as-representing a quasi "continuum". Collectively, they define
the range of trophié‘conditions-existing in the region. The
symbols that are usedvthroughout the remainder of the text and
Tables are given in Table 17+

:ﬁethods_Of Analysis-
A variety of methods is available for the analysis of

gradientse The techniques generally are either direct or

indirect (cf. Whittaker 1967). Direct analysis will be used

_heres, Simple and multiple correlation énalyses were selected for

this investigation (Steele and Torrie 1960). Simple correlation
coefficients are given as r, multiple correlation coefficients
as Re The significaﬁce of partial correlations for individual
GP is indicated in the multiple correlation analyses.
The aséumptions that underlie simple and multiple correlation

analyses are similar. Both methods require that the dependent

" and the independent variable(s) are distributed independently

and normally. In the case of some variables, the assumption is
warranted;vin others it is not. The theoretical distribution
of the variables can be approximated by examining the mean to

variance ratio. The fact that many distributions are not random
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can be tolerated statistically, becaﬁse thé sample size is
reasonably large and many of the variables and parameters have
been transformed.

In ordéf to insure that significant correlations are not
-masked by the choice of units (e.ge arithmetic values),
phytoplankton variables and GP in many instances were transformed}
to loglo or reciprocal values. It should be emphasized that
significant correlations'between individual GP or combinations
of GP and phytoplanktonrvariébles do not imply a direct "cause”
and "effect® relationship. The distribution of algal variables
is undoubtedly controlled or regulated by more thén a single
environmental parameter (cfo discussion in Hutchinson 1967).
For example, it is unlikely that COND, ALK, 3.CA + Mg, or
SD individually or in cdmbinatidn regulate the regional distribu-
tional patterns of the algal Variabies that are considered
in this stﬁdy. Such speculation could lead fo spurious conclusionse.
The primary emphasis of the analyses undertaken here does not
represent an attempt to establish direct cause and effect
relationships; rather, it is intended'ﬁo investigate and to
document trends in algal distribution over a tropﬁic spectrum,
Partiél correlation éoefficients between algal variables aﬂd
GP and their statistical significance are given along with the
results of multiple correlation analysise They are presented
as baseline informétion, and are not intended to represent
parameters that have a primary effect on the;distribution of

diatom and phytoplankton variablese
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Net Phytoplankton Analyses

“The results presented in this section deal with the taxa
that were observed in the analysis of samples of net phytoplankton.
: Approximately 700 spécies, varieties, and forms, exclusive of
‘diatoms, were identified in the study. This iisting was edited
to 272 species by eliminating those taxa that do not exhibit
planktonic affinity (Chapter IT, pe 12). These species are
listed in Table 57. fhe diatoms considered to be planktonic
forms weie addedvtp this lisﬁing (Table 57)o These species
are regarded as planktonic'organisms primarily on the basis of
habitat preference as‘cited in Stockner (1971), Hustedt (1930),
and Cleve-Eulér'(l951). All of the analyses presented here
are based solely on the planktonic algal flora. |

The net phytdpiankton‘ekpressions evaluated hkere are

the total ﬁumber of taxa, the compound phytoplankton quotient,

éﬁd the diversity of planktonic desmidse

Species Number
The number of net plankton taxa (S) is believed to decrease
" with increasing nutrient content of lake waters (cfe Brook 1965,
Vollenweider 1971); In this region S would be expected to be
high in the northeastern lakes and to decrease along the gradient.
| For the 68 study lakes, S exhibits a 20-fold range in value
and a mean of neérly 140 taxa per sample (Tablé 18). Generally,

S is high in the northeastern lakes (> 50 S), intermediate in
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the lakes of central Minnesota (30 - 50 8), and relatively
low in the prairie lakes (cf. Table 19 for S in each lake).

Regional correlations between S and mést GP, especially
COND and 1/SD, are inverse and are highly significant (Table 20).
Similarly, multiple correlation coefficients between S and
selected combinations of GP are usually > 0.60, indicating
a distributional pattern that is well-developed in the region
(Table 21). |
| It is of interest to compare these results with a previous
investigation that was conducted by Brook (1971, unpublished).
He sampled 55 lakes in Minnesota during summer 1965-1967
that range between COND of 24 and l,hSé (x = 280). Species
totals for the lakes range between 11 and 53 (% = 27.7) and
exhibit correlation coefficients with CQNﬁ and COND of 50;358
and ~0.378, respectively. These values are significant.at
P = 0.01, but they are lbwer than those of the present study.

It is possible that the narrower salinity range sampled
by Brook might be responsible for the lower correlations,‘or
there may, in fact, be seasonal differences in the distribution
of S over the gradient. One way of attempting to resolve the
problem 1is to perform a correlation analyses between paired
sets of S estimates, and then to test the means for significént
differences Thirty-four lakes are common to both investigations,

Paired S estimates yield a correlation coefficient of |

0.573, indicating moderately high agreement. The mean value
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of Brook's estimates and those of the présenﬁ study are 28.1
(s =”1o.3) and 50.1 (s = 17). A t-test utilizing a pooled
estimate of variance results in a significant difference at
P = 0.05. These observations suggest that seasonal variation
in the distribution of S must.occur_over the gradient.

Despite the internal discrepancy between the two data
sets, S exhibits a mafkedvtrend of‘decreaées in ﬁumber over
the_gradient. These results are in accord with the concept
fhat phytoplanktén‘cbmmunities ére more diverse in environmentsA
that are 1owvin nutriénts‘énd less diverse_in lakes of'high

nutrient status.'

Compound Phytoplankéoﬁ Qﬁotient.

The compound phy£0plankt§n quotient (CPQ), a measure of
the ratio éf the number of taxa of four planktdnic groups
(Chlorococcalés, Centrales, bluegreens, euglenoids) to desmids
in a sample, is believed to be low iﬁ oligotrophic lakes
(< 1.0) and high in enriched (> 2.5) waters (Nygaard 1949,
Brook 1965). In this>regi0n, cm shoﬁld be low in tﬁe northeastern
lakes and should increase in value over the gradient.

CPQ computations are set out in Table 19, The quotient
‘exhibits a l5=-fold difference between extreme valuves and a
mean of 5.01 (Table 18). Quotients generally are relatively
low in the northeastern lakes (< 3.0), intermediate in the lakes

7 . . of central Minnesota (3.0 — 6.0), and high in the prairie

lakes (>6.0),
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Correlations between CPQ and all GP are significant

(Table 20) and indicate increasing valucs over the gradient.

A representative plot is shown in Fig. 28 Slmllarly, multlple

correlation coefficients between CPQ and comblnaflons of GP

are highly significant (Table 21), It is highly probable

.that the quotieht would yield even better coefficients if zero

terms in the denominator had not been given a value of 1.0.

'This.effects an underestimation of the true value at higher

sélinity levels, thereby reducing the degfee of correlation.
These résulis may be compared with those of a previousv
investigation-on ﬁhevdistribution of CPQ vélues in the region
(Brook 1971, unpublished); The number of lakes and the sallnlty
spectrum were deflned previously. Brook”s observations
indicate that CPQ ranges between 0.6 and 18.0 (X = 5.5)
Correlation coefflclents between CPQ and COND and CCND are
0.529 and 0.552, respectivelye
The range and mean value detected by Brook are similar

to those observed in this study. The correlaticns with specific

‘conductance, however, appear to be higher. This could be due

to a salinity difference, or it could represent seasonal |

 variabilitye

The two sets of CPQ values were compared by computing
correlation coefficients and by testing the mean values for
statistical difference (34N)» The correlation coefficient

is 04354, indicating a significant (P = 0.0l) but moderate
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correlation between the data sets. The mean CPQ value calculated
by Brook is 6448 (s = Le64); that of the present study L.10
(s = 2.96).

A paired t-test utilizing a pooled variance estimate
reveals that a significant difference P = 0,10 does exist
bétween the two data setse Thié observation suggests that
seasonal variatioﬁs in the distribution of CPQ can occurvover‘
the gradient. Even ﬁﬁough the quotient may not be stable, it

does exhibit a distinct regional trend. In principle, these

- observations suppbrt‘the contention that CPQ is sénsitive to

Desmids | »

The number of planktonic desmids (DESMID S) is believed
to decrease with nutrient enrichment of lake waters (Brook
1959b and 1965, Nygaard 1949). In this regibn, the diversity
of the flora should Be high in the nértheastern lakes and should
decrease over the gradient. | | |

The number of taxa in Minnesota lakes exhibits a 25-fold
range in value and a mean of 7.4 (Table 18)« Generally, numbers
are high in the northeastern lakes (>15), intermediate in
the lakes éf central Minnesota (8 - 15), and low in the prairie
lakes (Table 19).

Regional correlations between desmid richness and most GP,
especially COND, are all highly significant (Table 20). This

marked inverse trend of decreasing numbers over the transect
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is als§ reflected by multiple correlation coefficients that
are'generallj > 0.60 (Table 21).

These results were compared with ﬁhe desmid distribution
studies of Brook (1971, unpublished). His observations reveal
that DESMID S ranges between O and 19 (X = 5.1) and exhibits
marked inverse correlations with COND (r = -O.442) and COND
(r = 0.650)s The rangé of Brook®’s values is smaller than that
detected in the present study,.wheréas the mean values appear
to be comparable;

The results of the present study were compared directly
with Brook's obser&ations by'performing correlation analysis
and by testing the paired déta sets statistically. A correlation
between péired déta sets for 3l lakes yields a‘coefficient of

0747, indicating a high degree of similarity in regional

distribution. The mean values, however, are noticeably

different. Brook's obsérvatiqns producé a mean of 5.3 (s = Le53);
those of the present study yield a value of 10.0 (s = 6a4)0
A t-test with a pooled estimate'of variance indicates that
a significant difference exists at P = 0410, an indication
that ihe diversity of desmids varies seasonally over the
gradient.
Despite these differences, the concurrent decrease in
DESMID S with increasing nutrient éontent‘of the waters is
highly pronounced in the region. These observations'support
the general.hypothesis that the diversity of desmids is sensitive

to trophic conditionse.



Diatom Ratio Analysis

The analysis of diatoms in net phytoplankton sampies
yields approximately 350 taxa. The flora is represented by
an assemﬁlage of Araphidiheae, Centrales, monoraphs, ahd
biraphse The most abundant species in each of the study lakes,
expressed as a per cent of the total count (N), are set out
in Table 22, The most abundant taxa in maﬁylof the lakes are
planktonic members of the Aréphidineaé énd Centrales (cf.

Table 22). All of fhe analyses presented here are based on

| computationsjutilizing the "complete" diatpm flora in each of
the samplese | - -

The diatomvrétioé'évaluatedvheré consist of two expressions
that have béen formally proposed és.trophic indicators. The
" distribution of the components of these ratios are also evaluated,

and an attempt is made to evaluate alternative diatom ratios.

Stockner's Ratio (A/Cs)

The ratio of the abundance of planktonic Araphidinéae
to Centrales in deepwater sediment has been proposed as an
empirical index of lake eutrophicatibn (Stockner‘gg‘g;. 1967,
| Stockner 1971). The ratio is based on the observation that in
unproductive lakes, the collective abundance of the Centrales

(Cyclotella, Melosira, and Stephanodiscus) is greater than the

combined abundance of the Araphidineae (Fragilaria, Synedra,

and Asterionella). Generally, major shifts that are marked by
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an increase in the relative abundance of the Araphidineae

characterize lakes that are affected by cultural eutrophications

- Although the ratio has been applied most frequently in

stratigraphic analyses, Stockner reports estimates from plankton
counts that are comparable in value to those reported for

sedimentss In the presen£ study, one would predict that

.A/Cs values should be low in the northeastern lakes and increase

along the gradient.
| Computed A/Cs ratios for Minnesota lakes are shown in
Table 23. Samples with zero abundance in either component

were adjusted by assigning a ratio value of 100 or 0.0l. For

‘ £he 68 lakes, A/Cs estimates range from slightly greater than

zero to over 100 (Table 24).

~ The distribution of A/Cs over the gradientlappears to be
hiéhly irregular. High and low values occur together in lakes
of the northeast, the central, and the prairie (see Table 23).
A representative plot is shown in Fige. 29. Correlations
bet&een A/cs and GP are all insignificant (Table 25). Similarly,
this ratio fails to exhibit significant coefficients when it is
correlated with selected combinations of GP (Table 26).

The above analyses are based on arithmetic values of the
ratio. It is possible that regional trends may exist, but
they could be obscured because of the form of data expressione.
In order to investigate this possibility, A/CS estimates were
transformed to logio values and were then correlated with GP.

The ratio exhibits a significant, negative correlation (P = 0.01)
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with COND (r = -.355). These observations indicate that A/Cg

is correlated with the gradient, and that'the trend is a reversal

" of that proposed by Stockner.

Tt is instructive to examine the distribution of the
components of the A/Cs ratio. Summary statistics for the
Araphidineae (As) and the Centrales (C) are given in Table 27,
and correlations with individual GP are given in Tabie 28,

The range in abundance and mean values of both groups are

’ comparable. As exhibits a significant, negative correlation

with the gradient, but Cs does not. These results suggest

that As exhibits an eéologiéal prefefence for maximum development
in the northeastefn lakes (cfe No's. 6, 9, 13, 33, 34, 39, 42,
55, 64). Confersely, thelmaximum development of Cs tends to
occur in the prairie lakes (cf. No's. 1, 2, 3, 5, 7, 8, 15,

18, 38, L1, L8, 53, 56, 58).

Collectively, the observations on A/Cs and its components
demonstrate that the ratio as used by Stockner does not reflect
trophic conditions in Minnesota lakes. The failure of the
estimates to increase in value over the gradient is due to

the fact that As is inversely related to the gradient and Cs

does not exhibit a.significant trend. This interaction of the

components therefore produces ratio estimates that do not relate
to the gradient.
This study has produced preliminary evidence to support

g and to a lesser degree Cs’ exhibits an
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ecologic preference that is exactly the épposite of that
proposed by Stockner. An attempt to rationalize these discrepancies
would be purely speculative and will not be purused here.
The observation that transformed values of A/C_ are
inversely relatéd to the gradient was unexpectédo This
discovery suggests that the ratio may resboﬁd in ah exponential
manner to trophic conditions in the region. This evidence,
éoupled wifh.the inverse trend exhibited by As,»suggests that
an A/C ratio that is based on logarithmic estimates may reflect

trophic conditions in Minnesota lakese

Nygaard's Ratio (c/P)

The ratio of ﬁhe‘huﬁber of taxa of Centrales relative
to the number of peﬁnate species in plankton samples is an
empirical expression that suppésedly reflects trophic stéte
(Nygaard 1949). This assumption is based on the premise that
members of the Centrales {C) are numerically greater in enriched
waters, whereas pennate (P) species are numerically predominant
in low-nutrient environments. In this region, C/P values should
be low in the northeastern lakes and should exhibit an increase
in value over the gradient.

Estimates of the c/p ratio in Minnesota lakes are given
in Table 23, and summary statistics in Table 2. Samples with
a zero value for either compoﬁeﬁt are adjusted by assigning

a value of one to the missing terme. For the regicn, C/P
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estimates range between values that are siightly greater than
zero to estimatés that are slightly over 2.0.

C/P estimates do not, however, exhibit distinct regional
trends over the gradient. High and low values occur together
in the same region, but there is a tendency for estimates to
be lower in the prairie. A représentativeiplot is shown in
Fige 30. C/P values are not well;correlated with GP. The

only significant correlation is with COND (Table 25),

‘Similarly, multiple correlation coefficients between C/P and

combination of GP are all non-significant (Table 26).
These analyses éfe based on arithmetic eStimatés; In

order to detefmine if significant co?relétions could.be generated

between transformed C/P and GP, the estimates were computed

as log, values and then were correlated with specific

conductance. C/P exhibits inverse correlations with COND

(r = =0e385) and COND (r = ~0.372) that are significant at
P = 0.01. These analyses indicate that C/P does exhibit a
trend over the gradient, butiit is inverSely rather than
positively related tc increasing nﬁtrient level, The trend
is a reversal of that proposed bj Nygaard, i.e. C/P tends to

be higher in the northeastern lakes and lower in the saline

lakes of the prairie.

It is instructive to examine the regional distribution
of the components of the C/P ratio. Summary statistics for
C and P are presented in Table 27; and correlation coefficients

between the components and individual GP in Table 28,
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There is a 10-fold range in the value of C and a 30-fold
réngg in the estimates of P. C exhibits significant inverse .
correlations with specificlconductance énd secchi disc, whereas
P fails to exhibit a correlation with GP. In Minnesota-lakes;
the diversity of C is higher in the unproductive northeastern
‘lakes than in the enriched prairie lakes. The diveréity of
Pennales, cohvérsely, appears unrelated to trophic conditions
in the regioﬁo e |

The obéérvations oth/P and its components demonstrate
that the ratio, as‘ﬁroposed by Nygaard, does not reflect trophic
conditions in Minnesota lakes. The failure of the estimates
‘to increasé in value 6vcr {he gradient is dﬁe to the fact that
the diversipj of C decreaées over the gradienﬁ, and P is
distributed_rahdomlyo This interaction of‘components produces
ratio estimatgs that do not relate to the gradient.

This study proviaes evidence that C exhibits a greater
diversity iﬁllakes of low nutrient status than in eutrophic
waterss These observations are not in accord with Nygaard's
predictions. An attempt to rationalize these discrepancies
would be purely speculative and wili not be pursued here.

The finding that the transformed C/P estimates results
in a significant correiation with the gradient was unexpected.
The ratio may, in fact, respond infersely aﬁd in an exponential
manner to increéseS'in trophic statuse Further observations

‘are necessary to verify the present findings.
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Modified Ratio
Early in the analyses of diatom ratios, it was observed

that the ratio of the number of taxa, instead of abundance,

in the Araphidineae (At) and the Centrales (Ct)’ result in a
range of values that is similar to the one proposed by Stockner
(Table 24). This ratio is computed for each of the study lakes
(Table 23), and is then investigated to determine if it exhibi’ts
regional trends in the study area. |

The results of the correlation analyses‘are set out in

Table 25. Arithmetic values of this ratio do not exhibit

correlations with individuél GP, nor does logarithmic transformation

of the estimates result in significant correlations. A

- representative plot is shown in Fig. 31,

The components of the ratio, however, do exhibit'regionai
trends (Table 28). The diversity of both diatom groups tends
to be higher in>the northeastern lakes than in the other regions.
The failure of thé ratio to exhibit regional correlations is
due.largely to the fact that the range and mean values of both
groups are comparable, and to concurrent decreases in the
diversity of both groups over the length of the gradient.
This ratio appears to be unrelated to trophic conditions in

Minnesota lakes.

Alternative Ratios
The analysis on species numbers and relative abundances r

of the major diatom groups in Minnesota lakes provides data
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that:can be used to investigate alternative ratios. A series
of empirical analyses was undertaken to determine if a "ratio"
could be produced that would respond to the trophic gradient.
The diatom components (As, C.y At’.ct' P) set out in Table 23
were used as numerator and denominator alternatively and in
all possible combinations. Each ratio was then correlated
with individual GPo

The results of thece analyses indicate that none of the
“trials produced a "ratio" that exhibits more than one significant
correlation (P = O;OS) with an individual GP. These observations
suggest that the major groups of &iétqms, expressed as species

numbers or as relative abundance, do not yield ratios that

 reflect trophic conditions in Mirnesota lakes.

| Quantitative Analyses

The analysis of samples of whole water yielded about 750
taxa, approximately one half of which were not detected during
thelexamination of samples of net phytoplankton and diatoms.
The flora is represehted by an extremely lafge assemblage of
all groups of algae. The most abundant taxa in each of the
study lakes, expressed as a per cent of the total, are set
out in Table 29,

The most striking feature_of these studies is that the
majority of lakes in northeastern Minnesota and many of the
lakes in central Minnesota and in the prairie as well support

relatively large populations of small cryptomonads, chrysophytes,
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and diatoms. The underlined percentage values in Table 29
indicate that the populations are ﬁannoplanktonic (< 60u).
Even in lakes with large populations of bluegreens, diatoms,
and chlorophytes, some of which are in a "bloom" state, these
. small organisms contribute substantially to the size of the
total communitye.

The primary objectives of the analyses undertaken here‘
are to investigate trends in the distribution éf the standing
crop of total, net-, and nannoplankfon over the gradient, and
to investigaté the relative apportionment'oflnet— and |
nannoplankton as a function of the total standing crop of

" phytoplankton.

Standing Crop |

| The sﬁanding érop of phytoplankton generally is much
higher in eutrophic waters than in oligotrophic lakes (cfe
Rawson 1956, Rodhe 1969, and Vollenweider 1971)e In this
region, SC should be low in the northeastern lakes and inérease
in size over the gradient, reaching maximum abundance in the
enriched prairie lakess

In Minnesota lakes, SC exhibits a difference of nearly

four orders of magnitude between extreme levels, with a mean
of 20,105 organisms/ml (Table 30). Lake Spiritwood (No. 58),
with a bloom of the zooplankter Daphnia, had the lovest SC

(89 organisms/ml)s The largest SC (403,893 organisms/ml)
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was detected in Lake Eckelson (No. 18), which supported a bloom

of the brackish-water diatom Chaetoceros muelleri (Table 29).

Although there are local variations in the same geographic
region, SC exhibits a pattern of increase ofér the gradient
(Fige 31). Lakes in nortﬁeastern Minnesota generally support
.crops of 1000 to 6000 organisms/mls SC in the central region
of the state normally rangés between 1000 and 30,000 organisms/mle
" Most of the prairie lakes support.crops that range between
5,000 and 70,000 organisms/mle |

SC exhibits a distinct pattern of distribution over the
gradient. It is significantly éorrelated either arithmetically
or logarithmically with most individual GP (Table 31), and it
exhibits moderately’highvmultiple correlation coefficients
with selected combinations of GP (Table.32). Although this
trend was anticipated, it is suiprising to detect cdrrelations
that are so pronounced. Estimates of SC were based on individuals
in this studye' It is highly probable that the correlations
would bé even better if measurements were based on volumetric
or biomass estimatese P?ecise numerical comparisons between
these results and the observations of other workers is difficult,
because of the differences in measurement. The speétrum of SC
values detected in Mimnesota lakes is comparable to that
observed by other authors (cf. Nygaard 1949,'1955§ Willen 1969;
Kristiansen 1964, 1971; and Schindler and Holmgren 1971; and

Kalff 1972).
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Net/Nanndplanktoh Standing Crop

' The use of the inverted microscope technique has resulted
in the observation that nannoplankton (< 60u) often contributes
substantially to SC in many lakes. Therg is a general.belief
that nannoplankton can constitute the major fraction of the
biomass of phytoplankton in oligotrophic lakes, whereés net
phytoplankton is numerically or volumetrically greater in
eutrophic watersv(cfo Kalff 1972, Pavoni 1963, Schindler and
Holmgren 1971, and Kristiansen 1971) Tt is not known, however, -
just how the absolute size and the relative apportionment of

the two fractions vary together over a spectrum of trophic

. conditionse

In this study an attempt was méde to investigate these
relationships. For the purposes of analysi$ NET SC and NANNO SC
are expressed in absolute numbers and as percentage values of
total SC. |

NET SC in‘Minnesota lakes exhibits a range of over five
orders of magnitude and a mean of nearly 12,000 organisms/ml
(Table 30)» Although there is local variation among lakes
in the same geographic region, NET SC tends to be low in the
lakes of the northeast, interﬁediate in the lakes of central
Mimnnesota, and relatively high in many prairie lakes. This
regional battern is reflected by sigpificant; positive
correlations with individual GP (Table 31), and by significant

correlations with most combinations of GP (Table 32).
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NANNO SC in the study lakes ranges over three orders of
magﬂitude between extreme values, with a mean of over 8,000
organisms/ml (Table 30). There are local variations in NANNO SC
among lakes in some regions, but it exhibits a general tendency
to increase over the gradient. Tﬂe pattern is not so distinct -
as the one detectéd fdr NET SC. Correlations between NANNO SC
and individual _GP are lower (Table 31), and multiple correlation
coefficienisvﬁith some combinations of GP are not significant
(Table>32)ov'” | | | | |

The relative apportionmeht 6f NET SC and NANNO SC in the
lakes can be.investigated by expressing each fraction as a
'percent of the iotal 50; These résults are summarized in
Table 30. The range for both fraétions is similar; however,
the'meaﬁ pefcentage value for NANNO SC is nearly twice that of
NET SC» On a regional basis in Minnesota lakes, the percentages
of the NET aﬁd NANNO ffactions are inversely related (Table 31).
NET exhibits positive and NANNO negative correlations with
COND, SD, and SC (Figs. 33 and 34)e

The above observations indicate that the absolute size of
NET SC and NANNO SC increasés with increasing nutrient levels,
The two expressions are, in fact; correlated (r = 0+590),
It appears that higher nutrient levels are ;onducive to
concﬁrrent ihcreases in the size of §2§§ fractions. The

indirect relationship between NET and NANNO reveals, however,

that the fractions vary inversely over the gradient.
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Collectively, the observations on SC and NET SC in Minnesota
lakéé are in accord ﬁith the general assumption that both
quantities increase‘with nutrient enrichment. Each expression
may serve as an indicator in lakes of this regione The trend
displayed by NANNO SC, however, does not conform to the hypothesis

that the proportion of nannoplankton decreases with increases

in nutrient level.

Community Structure Analyses

Indices of diversity are expressions of structure in
commmnitiese A rationale for their application in ecologic
studies has been given by Patten (1962), Margalef (1958, 1968),
and Hutchinson (1967)s 1In general, assemblages with large
numbers of speéies, relative to the total numbers of individuals,
yield high index valuese. Conversely, commmnities that ére

 characterized by a numerical dominance of one or a few taxa
result in relatively low valueso.

Studies on species diversity in communities of phytoplankton
are few in number. On the basis of limited data, it is bélieved
that phytoplankton responds to increases in nutrient level by
exhibiting decreases in its diversity. This generally occurs
by a decrease in the number of species in the commmity and by
a lower degree of apportionment of individuals among the species
(evenness). These trenés have been observed in the marine
environment (cf. Carpenter 1971, Hulburt 1963, and Margalef

1967) and in freshwater lakes (Margalef 1964 and Goldman 1970).
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Margalef (1958, 1968) gives the following ranges (in bits/
indi&idual) for trophic states of north-temperate lakes:
oligotrophic (> 3.5), mesotrophic (2¢5 = 3:5), eutrophic (< 265).
Index values below 1.0 can occur in bloom situations and
values as high as 6.0 or more can occur in highly diverse
communities, i.es ultraoligotrophic conditions in lakes or in
the marinevenvironmento

The structure of.communitiés of diatoms and whole-water
phytoplankton in Minnesota lakes was investigated by utilizing
D (eqs 1) and H (eqs 2) as indices of diversity (Chapter II,
pe 25). In addition, the _nﬁmber of species S and evenness J
were utilized as related community properties. S and J can
be used in an objective manner here, because of the cbnsistency

in sample size. J ranges between zero and 1.0,

Diatom Diversity

Estimates pf species diversity.in communities of diatoms
in Minnesota lakes yield index values of H and J that are within
the expected ranges (Table 34)e

The distribution of these four properties over the gradient
is highly irregular. Representative plots for D and H are
shown in Figs. 35 and 36. Both low and high values occur
.together in lakes of the same geographic region. Correlations
of thelfour properties with individual GP are all insignificant
(Table 35), as are coefficients between each property and

selected combinations of GP (Table 36).
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In order to determine if the use of arithmetic values
o A obscures significant regional trends, each index and related
statistic was computed as loglo and reciprbcal expressionse
The results of a correlation analysis between transformed index
od S values and individual GP, however,. did not produce a correlation
coefficient > +1.100 |
The failure of species divefsity to exhibit significant
» regional trends prompted a further analysis of the datae.
It is possible that the use of the '"complete" flora,'which
includes non-planktonic populaticns,bmay mask regional patterns
of in species diversity of the planktonic communities. The listing
of specics in each lake was edited by eliminating all non-
: planktonic populations, and the inaices and related statistics
»

were recomputed. The results of a correlation analysis with
individual GP, however, are similar to those given in Table 35.
No coefficient exceeds 19;210, a non-significant value.

These observations suggest that speciés diversity in
diatom communities does not respond to the trophic spectra

of Minnesota lakes. Seasonal studies would be necessary'to

& |
confirm or reject the present observations.
o Phytoplankton Diversity
The structure of whole-water phytoplankton commmities
was investigated by examining the distribution of the “total®
i‘., assemblage and also by examining species diversity in the net-

and nannoplankton fractionse



A

70

Estimates of species diversity in communities of total
phytoplankton in Minnesota lakes yield index values of H and J
that are withiﬁ the ranges proposed by Margalef. The maximum
value of D, however, is twice as'large as that expected on the
basis of Margalef's predictions. Three lakes, for example,
have-index values >10.0: Big No. 6 (10.40), Ball Club Noe 4
(12.38), and Elk (10.12). No explanation can be offered for
this phenomenon.

On a regional basis, each index does exhibit.variations
ameng lakes of same rggiono The value of each index, however,
tends to be higher iﬁ the northeéstern lakes, intermediate
in the lakes of central Minnesota, and low in the pfairie
lakes. Representative.plots for D and H are‘depicted in Figs.
37 and 38, and in Figse 39 and 4O, respectively.

The distributional pattern of each index over the gradient
is inversely related to individual GPs D, H, and S exhibit
highly/significant correlations with most parameters (Table 38),
especially COND and 1/sD. These marked trends are reflected
by multiple correlation coefficients that are generally in the
range of 0,50 to 6.0 (Table 39 and 40)s J, however, doés not,
exhibit a regional trend that is as pronounced as those of the
other indices. Evenness is correlated better with 1/SD and SC
than with other GP, 'Multiple correlation coefficients genérally
are < 0,50, and many combinations produce results that are

non-significant.
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The above results indicate that the indices D and H and S

respond to trophic conditions by exhibiting progressive decreases
in value. These observations on community structure are in
accord with the general hjpothesis that species diversity is
sensitive to trophic conditionse

Species diversity in communities of net-~ and nannoplankton
have never been invespigated quantitatively. In Minneséta
lakes, H and S are estimated ihdividually in each of the two
fractioné. The indices D and J are not computed because of
the high degree of bias that is introduced by small sample
sizese .

The range and mean values.for NET H and NANNO H and the
number of taxa in each fraction are summarized in Table 37.
Both fractions yield diversity stgtistics that are similar
in their range and mean valuese The minimum and maximun
estimates of H are within the range qf diversity values that
are to be expected in north-temperate lakes (ﬂargalef 1967) o

The distribution of NET H and NANNO H and S inbeach of
& the fractions exhibits an inverse relationship with increasing

nutrient levels (Table 38)e NET H and NET S are significantly
correlated with almost all individual GP, especially COND
@ and 1/S. Multiple correlations between NET H and combinations
of GP yield coefficients that are highly significant and

generally range between 0.50 and 0,60 (Table 41)e
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The correlation of NANNO H with GP is not as pronounced
as that detected for NET He NANNO H exhibits a highly
significaht correlation only with COD., Multiple correlation

coefficients, likewise, are lower and yield non-significant

results with certain combinations of GP (Table 41), NANNO S,

conversely, is highly correlated with most individual GP,
especially COND,

These observations indicate that species diversity in
communities of net— and nannoplankton exhibits a pattern of
distribution that is inversely related to increasing nutrient

levels in Minnesota lakess
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CHAPTER V

LAKE CLASSIFICATION IN MINNESOTA

Lakes can be classified by using any number of physical,
chemical, or biological criteria. The traditional approach
to lake typology has been to utilize a single "indicator®” to
identify lake groups. This procedure, acéompanied by a subjective
evaluation of similarity among lake groupingé, has been judged

as unsatisfactory (cf. Brezonik 1969, Shannon 1969). Lakes

are more amenable to rational classification if they are considered

as multi-dimensional entities, i.e. they are best described
by a number of variables; The multiplicity of potential
"indicators", however; poses the problem of identifying the
most suitable classificatory variables.

Since there exists no ideal set of indicators, raﬁional
blassifications of lakes are best investigated by utilizing
logical sets of variables. The chemical and biolegical data
generated in the present study provide an opportunity to explore
the nature of the lake groupings that can be established by
using logical but dissimilar sets of variables. The primary
objectives of the analyses undertaken here are in turﬁ:

1) to delineate lake groupings based on major solute chemistry,
and to compare them with previous studies; 2) to select variables
that méet’the requirements of trophic-state indicators, and to
use them to explore the nature of lake groupings; 3) to |

delineate lake groupings that are based on sets of phytoplankton
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taxa; and 4) to compare these classification schemes with

one another.

Cluster Analysis
In order to minimize subjectivity in classification,
cluster analysis was selected as a method for identifying
logical groups of lakes. Generally, this multivariate technique
is used to establish clusters of objects in a p-dimensional
hyperspace that are described by the p-data attribuﬁes of the
objects. Cluster analyses are of two types:s Q=type, the
grouping of N objects on the basis of p variables, and R-type,
the grouping of the p variables that are measured on N objects.
The former is used exclusively in the present anaiysiso This
technique has the advantage over other procedures because
it is objective, it provides a means of sorting data rapidly
and in a reproducible fashion, and, most importantly, it does
not require that the optimum number of groups be determined
prior to analysis.
The basic elementé of most clustering routines are:
1. a measure of the similarity among objects (or distance
measure)
2. the Elustering'criterion
3s the computational procedure
Theoretical and statistical aspects of cluster analyses can
be found in Morrisonu(l967), Sokal and Sneath (1963), and
Lee (1971). A rationale for the application of the technique.

to the problématics of lake typology can be found in Brezonik



and Shannon (1971), Sheldon (1969), Brezonik (1969).

I have chosen an agglomeration analysis devised by

Orloci (1967) and modified by E. J. Cushing. The technique

amounts to identifying clusters of points (lakes) in p-dimensional

hyperspace, where specified variables have been measured on
each lake, Similarity among objects.can be calculated by using
either of two mutually exclusive measures: absolute or standard
distance.

Absolute distance is defined as thé shortest distance
between pairs of points; it is calculated on the basis of

standardized or non~standardized variable scores. Standard

distance is defined as the length of the chord that connects

two points on the surface»of’a sphere of unit radius. Further
details on these similarity measures are given by Orlbci.

The clustering criterion imposed on the analysis is the
within-group sum éf squares. In the computation, all possible
fusions in twos of the entities k(k-1)/2 are formed and tested
(notes. k is the number of objects to be classified); A union
of two entities is accepted if the increase of the within-group
sum of squares by it is less than it would be by fusing eifhér
of the two with another entity in the samples. Clustering
proceeds in successive cycles, gradually uniting lakes into
largér and larger groups until all of the lakes are fused into

a single entity. The results are interpreted by examining the

“number of major stems that are present in the hierarchical

arrangement, and by evaluating the values of average within-group
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dispersion (Q/k values)e. The distance between each object
is optional output and permité the objects to be arranged in
a linear array. Low values of within-group dispersion, iee,
dense clusters of lakes, imply good within-group similarity
and good between-group dissimilaritye.

Despite the objectivity afforded by cluster analyses, a
number of difficulties can arise with their use. Different
distance (or similarity) measures, sorting strategies, and
forms of data éxpression can alter variance computaﬁions and,
thus, yield dissiﬁilar resulté (Sheldon 1969). Because of
the desire to estéblish lake'groupings that are as free as
possible from thesé ambiguities, a series of "test®™ analyses
was undertaken as an integral part of the investigation of

chemical lake types in the regiors

Specifically, Orloci's agglomeration analysis was performed

alternatively with different distance measures and forms of
data expression. A cluster analysis routine, devised by W.
Johnson, that uses a shape measure (coefficient of variation)

was used to test the results of the agglomeration analyses.

Chemical Lake Types

Previous Classification Schemes
Several classification schemes that are based on the

chemistry of surface waters in Minnesota have been proposed.

It is instructive to examine them prior to the analysis undertaken

here.
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Moyle (1954) delineated four generalized lake types by
evaluating regional trends in thé levels of alkalinity, pH,
sulfate, salinity, and total nitrogen and phosphoruse‘ The
types correspond to three geographic provinces within thé
state: 1) soft-water lakes of low salinity that lie primarily
in granitic bedrock basins in northeastern Minnesota; 2) enriched,
'hardﬁater lékes in north-central and central Minnesota whose
basins are in gray glacial tills; 3) productive, saline lakes
with high sulfate concentrations that are located in the prairie
regions of southwestern and western Minnesota. A fourth type
consists of those prairie lakes in western Minnesota and the
Dakotas that are highly saline and have high concentrations
of sodium, sulfate, and chloride. ’

Three lake types were established by Bright (1968) on
the basis of salipity and equivalent proportions of major
ions of 40 lakes., FEach lake group corresponds to a ma jor
vegetation zoné (see Fig. 2): l) the coniferous—deciduous
forest of northern Minnesota; 2) the narrow band of deciduous
forest; and 3) the prairvie of southern and western Minnesota.

The groups proposed by Gorham are based on measurements
of conductivit& and concentrations of major ions in over 200
lakes. He classifies the lakes into four geographically
distinct groups: 1) dilute bicarbonate waters in non-calcareous
glacial drift in northeastern Minnesota; 2) bicarbonate waters

of intermediate concentration in calcareous drift that extends
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from north to south in central Minnesota; 3) concentfated
sulfate~bicarbonate waters in western Minnesota; and -4) sodium
suifate waters of high salinity in western Minnesota near the
Dakotase. |

It is apparent thét the lake groﬁpings established by
these authors differ significantly from one another. bThe scheme
proposed by Gorham, unlike that of.Bright, does not match
boundaries between forest or soil types. Although Moyle's
groupings appear to be similar to Gorham's types, the groupings

are so generalized that the correspondence is superficial.

Chemical Types

The study lakeé vere cléssified by.cluster analyses on
the suite of seven major anions and cations (Table 15). Solute
concentrations were used fifst as raw déta (meé/l) and then in
standardized form. The standardization procedure consists
of subtracting the mean from each of the observed values and
then dividing the difference by the standard deviation (Sokal
and Sneaﬁh 1963). All variables are weighted equally ih the
analysese Both measures of betweehvobject similarity (i.e.
absolute and standard distance) were used individually with
each data set. The.results of these analyses are set outvin
Table 42. - A dendrogram based on Run 3 (standardized solute
values, absolute distance) is depicted in Fige Ale

If it is assumed that the'study lakes represent a reasonable

cross—section of lakes in-this region, three relatively



79
well-defined lake groups can be idéntified in each run. The
groups are designated herec as Type 1 (the lakes in northeastern
Minnesota), Type 2 (lakes in central Minnesota), and Type 3
(1akes in the prairie of Minnesota, North Dakota, and South
Dakota)e Severél highly saline prairie lakes form a residual
cluster that is considered here as a provisional group, Type L.
In one analysis (Run 2, standard distance, meq/l), a group of
seven lakes forms a cluster that is transitional between
Type 2 and Type 3+ This group is designated tentatively as
Type 2/3. R, and Rﬁ are single and multiple residuals, |
respectiveiy. A single residuwal is a lake that fuses into a
major lake cluster at high Q/k leveléo The fusion generally

occurs after the clustér is completely formede A multiple

1

residual is a small number of lakes thét fuse together because
they differ more from the character of the major clusters than
they do from each other. They can enﬁer a major cluster at
high Q/k values after it is formed (cf. Sheldon 1969).
Although three major lake types were identified in each run,
the size and composition of the %roups does vary as a function
of data expression and distance ﬁeasureo Type 1 (16 and 17N)
and Type 2 (22 to 25N) are relatively consistent in the number
of lakes assigned to each group, but Type 3 (9 - 16N) and
Type 4 (5 - 9N) exhibil considerable variability in sizes

vThe fact that different combinations of distance measure

and data expression result in lake clusters of dissimilar
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composition poses an'immediate problem of selecting the analysis
that‘provides the most objective series of lake groupingse.

A formal procedure for such an appraisal does not appear to be
available. This can be accomplished, however, by a sﬁbjective
evaluation of each of the clusters formed in the runs, and by
comparing different combinations of distance measure and data
expression with respect to the number of differences in lake
placemento. The analyses presented in Table 42 can be summarized

"as follows:

Distance Measure - Noe.
Data Expression (Orloci) Differences
meq/1 | B | Absolute/standafd 22
Standardized Variables Absolute/Standard 12
meq/l/Standardiied Variables Absolute 3
meq/1/Standardized Variables Standard 28

The greatest number of‘differences in lake placement in a
particular cluster is generated with the use of standard
distance., Lakes are ﬁore frequently detected as members of
the same cluster when the absolute distance measure is used
with raw data or with standardized variablese

An examination of individual dendrograms (Runs 1 = 4)
indicates that standard distance, whether used with raw or
standardized data, yields fusions that are anomalous. For
example, in Run 2 (raw data) Lake Meander (Noe 42), otherwise
a Type 1 lake, is incorporated at high sum of squares into the

Type 2 cluster; Mud (No. 48) and Thief (No. 46), lakes generally
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sorting oﬁt as Type 3 or Type 4 members, and Mitchell (No. 46),
nqrmélly recognized as a Type 2 lake, becomevincorporated at
relatively low Q/k into Type 1. Lamb (No. 34), Superior (No. 60),
and Dogfish (No. 17), normally recognized as Type 1 lakes,
fuse at low Q/k into the Type 2 cluster. |

When standard distance is used with standardized variables
(Run 4), similar anomalies are detected, Lakes Alkaline (Noeo 3)
and George (Noe 23), both of which are highly saline prairie
lakes, fuse with one another, and become ihcorporated at high
Q/k into the Type 1 cluster. Lake Eckelson (No. 18), normally
recognized as a Type L member, becomes incorporated as a residual
into Type 1.

Thése fusions involving standard distance are judged as
aberrant. They occur either as a result of a pre—-empted .
linkage (a nonsense-linkage) in the clustering routine, or as
a direct function of the standardized distance measure, Orloéi'
(1967) has demonstrated the standard distance minimizes the
distance among lakes and lake clusters. This can cause a larger
number of residuals to be detected, and can result in intermediate
or transitional lake groupings. The results of these studies
bear out this phenomenon: (Table 42). Run 2 (meq/l and standard
distance) gives rise to a transitional cluster, and Run 4
(standardized variables and standarq distance) yields the largest
number of residuals. Cluster analyses involving standard
distance result in some fusions that are judged as having littlé

value in establishing logical groupings of lakes.
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_Such anomalies, however, are not enéountered when absolute
distance is used as the similarity measure. In combination with
standardized variables (Run 3), Lakes Alkaline (No. 3) and
George (Noe 23) fuse Qith one another and Lakes Alkali (No. 2)
and Salt (No. 52), together with Eckelson (No., 18), form a

highly heterogeneous group (Type 4)e The combination of

absolute distance and raw data results in an identical sorting

of lakes, except_for a two-member residual, Mineral (No. 44)
and Waubay (No. 67), that fuses at high Q/k into the Type 3

cluster. On the basis of these observations, absclute distance

. is judged as the most appropriate distance measureo.

Because of ﬁhe fact that different cluster anaiysis routines
and the formldf.ihe data can result in variations in the size
and compositibn 6f lake groups (Sheldoh 1969), cluster analyses
were performed on data that was expressed in the form bf mg/l.

In addition, an independent éluster analysis routine was used
to check the results presented above.

A series of clustering runs was performed by using Orloci's
absolute and standard distance measure with data expressed in
raw form (mg/l) and in the form of standardized variables.

The results of these analyses are similar to those presented

in Table 42, Three major lake groups were identified, comparable
in size and composition to those detected previously. Standeard
distance resulted in anomalous fusions. The absolute distance

measure in combination with raw and standardized variables,
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however, yield lake clusters that are nearly identical to
those detected in the previous analysesSe

| The independent clustering routine (V. Johnson) was
pérfbrmed with data expressed in raw form (meg/l) and as

standardized variables. The size and composition of the lake

groups are virtually identical to those detected with Orloci's

agglomeration analyses (Runs 1 and 3)e

Characterization of Types
h The groups detected in Run 3 (Fig. hl).were accepted as
yielding a classification that is satisfactory for the purpose
of delimiting major groups in the region. The»only minor
exception was that Lake Big Kéndiyohi (No. 7) was placed in
Type 3, because an additional set of data indicates that the
cétion—anion values used may have been too lows Summary statistics
for the major solutes in each type are set dut in‘TableIAB. |
Except for calcium and‘alkalinity, the mean concentration
of each ion is observably differeﬁt (p =.0.05) among the groups.’
The major types can be delimited and characterized as follows |
(range and mean values of specific conductance in umho ¢m'1
at 25C are given in parentheses). |
Type 1. This group is compoéed of all of the lekes in
northeastern Minnesota and includes Lakes Deming
(Noo 16) and Josephiné (Nos 32) in northern Minnesotae
The high degree of within-group similarity is reflected

by the low Q/k levels. The waters are of low salinity
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(range 15-89, % = 42), with HCOJ and caleium being
‘the major anion and cation, respectivelys
Type 2. This group is composed of most of the lakes that are
located in central Minnesota. The prairie lakes
Big Kandiyohi (No. 7), Fish (No. 21), Heron (No. 28),
Mitchell (No. 46), and Pickerel (Noe 50) are peripheral
members of ﬁhe'cluster. This group also reflects a
high degree of wiﬁhin-group similarity. The waﬁers
are of moderate salinity (range 156-705, ® = 303).
Concentrations of calcium and magnesium are nearly ‘
'equivalent, and'HCOg is the major anion.
Type 3. Lakes in this_group‘afe located in the prairie or are
| situated in the deciduoﬁs forest near the prairie,
The degree of withinegroup similarity is low (high
Q/k vélues), indicating a reiatively high degree of
variability in tﬂeﬁconcentratioﬁ of major ions.
Salinity levels are high and exhibit a large range
(707 - 9,180, X = 2,044). Sulfate and magnesium are
the most important ionse.
Type h. This group is residual in its compooltlona It is
- composed of five prairie lakes (Alkali Moo 2, Alkaline
Noo h, Eckelson No. 18, George Nos 23, and Salt No. 52)
that are dissimilar in chemical compositione Salinity
levels are high (7,976 - 31,783, X = 17,768), and sodium

- and sulfate are the major ionse
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Summary statistigs for specific conductance are set out
in Table 46 and are depicted grouhically in Fige 42+ The mean
salinity levels are significahtly different among a%l of the
types, indicating a high degree of dissimilarity. The clusters
forﬁed by the use of major anions and cations are j&dged as
lake groupings that exhibit marked differences in téeir ionic

proportionse

Comparisons with Previous Classifications
Several Comparisons between the classification developed
in this study and previous schemes merit mention. The composition

of the major lake groups is nearly identical with the one proposed

by Gorham (1971, and unpublished). The only differences involve

several highly saline lakes in-western Minnesotas A number of
these prairie lakes are listed by Gorham as Type 3 lakes, or

as lakes that are transitibgél bétween Type 3 and 4 (eoge

Mineral No. 44, and Alkali No. 2, Mud No. 48, and Thief No. 62).
The results of this study indicate that all of these lakes,

except Alkali, sort out as members of Type 3, An examination

of Fige 41, however, indicates that Type 3 is highly heterogeneous
in-compoéition, and Type 4 is fundamentally a residual groupe.

The most appropriéte placement of these lékes can be resolved
only by identifying the limits of Type 3.and L more precisely.

The classification of Minnesota lakes by Bright (1968)

' does not compare favorably with the present scheme, Bright's
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coniferous forest group includes all of the Type 1 and many

~of the Type 2 lakes of the present study. In addition, Lakes

Fish (No. 21) and Pickerel (No. 50), regarded by Bright as
prairie lakes, sort out here as Type 2 memberse :
The lakes in the deciduous forest, recognized éy Bright
as a distinct group, includes mehbers of Types 1, 2; and 3e
The group of lakes detectedAaé a trensitional cluster (2/3,
Run 2) does include a number of the deciduous forest lakese
This was not, however, verified in ihe other runs (Table 42).
On the basis of the present analysis, the lakes in the deciduous
forest do not appear to constitute a lake type that‘is intermediate

between coniferous forest and prairiee.

Trophic~State Lake Types

Trophic State And Selection of Indicators

It is generally agrégsbthat the "trophic state" of a lake
is both a consequence and a reflection of its nutrient level
(cf. Hasler 1947, Vollenweider 1971). A lake generally responds
to increased rates of nutrient supply by exhibiting certain
changes in_its physical, chemical, and biclogical propertiese.
Most commonly, the standing crop of the primary and secondafy
producers increases, transparenéy of the surface.water decreases,
the oxygen content of the hypolimnion decreases, and the
composition of the biota shifts in character and quantity.
In addition, the producti#ity of the littoral zone generally

increases, and the character of the sediments changes.
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Unfortunately, trophic status cannot be expressed by any
simple statement or by any single measurement (Brezonik 1969).

The modern concept of trophy is that it is both multidimensional
: j

and hybrid, i;e. trophic state is best described by a combination

of physical, chemical, and bioclogical parameters, ra%her than
|
- :
1969). The selection of the most appropriate parameters for

by a single indicator (Margalef 1958, Brezonik 1969, and Shannon
use in trophic classifications, however, is largely an empirical
procedure.

In the present study, the criteria proposed by Brezonik
and Shennon (1971) are used initially as a guideline in the

selection of indicators.. Their criteria may be stated as

_follows:

l. An indicator should‘be measureable and reiatively
simple to estiméte.

2.. An indicator should have basic significance in terms
of trophic state ises it should be a measure of
trophic state and exhibit sensitivity to.gene:al
levels of trophy.

3¢ An indicator should be‘quantifiable and permit
differeﬁtiatién among lakes of differing trophic
stateo .

L An indicator should be unique, i.ee it should not be
a diréct or indirect measure of the same indicator

or property.
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Note: Brezonik and Shannon propose criterion 4 as a requirement
that an indicator should not be a redundant expression, As an

example, they claim that the use of specific conduétance and
j

salinity or the use of either of these two parameteys with

dissolved solids constitutes a redundant pair of in@icatorsa

|

In Minnesota lakes there are numerous physical, chemical,
. ¥ _
and biological parameters that have potential value as indicators

of trophic state. Extensive reviews of trophic indicators

~and their application to typology have been presented by

Brezonik and Shannon (1971), Hooper (1969), Brezonik (1969),
and Vallentyne (1969). They include such physical parameters

as transparency, mean or maximum depth, the ratio of mean

- depth to surface area; and per cent littoral areas. Frequently,

the following chemical variables héve been used és indicators:
alkalinity, specifié conductance, dissolved‘oxygen concentrations
and profiles, chlorophyllj; and particularly the nutrients
nitrogen and phosphorus. Numerous biological pafametérs have
been considered és trophic indicators, including primary |
production, the quality and quantity of littoral vegetation,
the composition and biomass of bottom fauna and fish populations,
and numerous phytoplankton expressionse The latter class of
indicators consists of standing crop, spécies diversity,-and
various types of qualitative and quantitative algal quotiéﬁtsm
In the present study, it was virtually impossible té

1) measure many of the parameters outlined above and to
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2) determine if they are satisfactory indices of trophic statee
Initially, an attempt had been made to investigate two morphometric
parameter§ as potential indicators of ﬁrophy: maximum and average
depth.‘ Morphometric data in the fofm of bathymetric maps,
however, are not available for maﬁy of the éﬁudy lakes
(Departmeﬁt of Conservétion, Sto Paul, Minnesota). Maximum
depth measufements are avéilaﬁle‘for many but not all of the
lakes (cf. Department of Conservafioﬁ, Ste. Paul, and Megard
1967). It was not used as.a.potential indicator for the
following reasons: 1) the lakes of central Minnesota on the
average tend to be deeper than the northeastern lakes, and the

prairie lakes tend to be very shallow relative to the northeastern

“lakes. This trend will violate the criterion that is used to

select indicators (see below)s 2) On the basis of available
data, there appears to be considerable variation in the maximum
depth of many northeasterﬁ‘fékes (Superior 900 feet, Clearwater

130 feet, and Lamb, Meander, Dogfish are less than 30 feet) and

in many of the lakes in central Minnesota (Nokay, Spectacle,

Frances, and Sallie are less than 50 feet; Ball Club, Elk,

Long, and Christmas are greater than 80 feet; and Mille Lacs

'is less than 30 feet)o

An attempt also was made to utilize total phosphorus and .
total nitrogen as indicators. Measurements were made on several
lakes in northeastern Minnesota and in the prairie of South

Dakota and North Dakota. An exhaustive search of the chemical

. data available in the Department of Conservation (Ste. Paul,
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Minnesota) failed to produce measurements for more than 19
- lakes., These data are too few to incorporate them a% classificatory
variébles. ;

The procedure used to select indicators in thislétudy is
similar to that employed by Brezonik and Shannon (19%1)0
Quantitative trophic~state parameters tend to increa%e or to
decrease progressively from "Yoligotrophy® through "mésotrophy"
to "eutrophy's Indicators, therefore, should be positively
or negatively correlated with one another. The above authors,
for example, used primary production, chlofophyll, totai drganic
nitrogen,-ﬂotal phosphofus, secchi~disc transparency, specific
conductance, and Pearsall’s ratio of monovalent to divalent
~cations in their attehpts to classify lakes in Flofidae Each.
parameter in their study ié significantly correclated (P = 0.0l)
with each of the other parameters. Nearly all of the coefficients
(r) betﬁeen pairs of varia%lzs.exceeds 4065

The parameters selected as trophic indicators of Mimmesota
lakes are enumgrated and discussed below, They'are Judged as
meeting the criteria of Brezonik and Shannon, and they are not

considered to be redundant.

Physical—Chemical‘Indicators

l. Specific conductance (COND) is taken as a general measure
of the concentration of dissolved solutes. COND tends to be

higher in productive and lower in unproductive lakes (cts
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Brezonik and Shannon 1971). For Minnesota lakes, COND appears
to be a good indicator of trophy (Table 13 and 16)0:
2 Tranéparency (sD) islgenerally acceptéd as a general index
of productivity (cf. Vallentyne 1969, Vollenweider 197L)e
Although Sﬁ is affected by conditions that may be uﬂrelated
to trophy, e.ge silts or humic materials, it is gengrally
high in unproductive waters and low in produqtive w;ters. In
this region SD measurements appear to be a good indicator of

trophy (Tables 13 and 16).

3. Alkalinity (AIK) is generally éonsideréd to be an index of

. productivity (cfe. Vollenweider 1971). Highly buffered lakes

tend to be more productive than lakes of low alkalinity.

For Minnesota lakes, ALK appears to be a moderately good

indicator (Tables 13 and 16).

e A summation of the concentration of calcium and magnesium

(S Ca + Mg) was used as a trophic indicator. This index has
not been employed extensively but it has been prqposed by
Zafar (1959) as a parameter that differentiates between states
of trophy. It appears to be a moderately good indicator for
Minnesota lakes (Tables 13 and 16). -

Initially, an attempt had been made to utilize Pearsall's
(1922) ratio of monovalent to divalent cations (NA + K/CA + Mg)
as an indicator. In the English Lake District, Pearsall observed
that lakes with a ratio <1l.5 and with high nitrate and silica

produced algal bloomss Similarly, Brezonik and Shammon (1971)
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have found that the ratio is an acceptable index fox

differentiating between trophic conditions in lakes of nofth;
central Florida. If the ratio is applicable tolMinnesgta
lakes, it should be inversely'proporfional to tropiric state.

A correlation anal&sis between the ratio andeOND and COND
yields coefficients 6f 0,701 and 0.563, respectivélyo The
ratio is directly rather-than inversely proporticnal to £rophic
states The index was therefore judgéd as inapplicable in the

study regions

Phytoplankton Indiéators

5, The standing crop of phytcplankton (SC) is generally

accepted as an index of trophic state (cfs Vollenweider

1971, Shannon 1969)w Lakes with low SC tend to be less

productive than eutrophic waterse. SC‘is Judged as a mcderately
good indicator for Minnesofaﬁlakes (Tables 13 and 32).

Although thé standing crop of net and nannoplankton could
be considered separately as indicators (Table 33), their
incorporation along with SC would constitute a rédundancye
6. The compouhd phytoplankton quotient (CPQ) has been used

successfully as an index of trophy for lakes in Great Britain

- {Brook 1965) and in Denmark (Nygaard 1949). CPQ values are

low in unproductive lakes and high in eutrophic lakes. This

index appears to be a moderately good indicator for Minnesota

lakes (Tables 20 and 21),
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7« The number of net phytojlankton taxa (S) is generally

recognized as an indicator of trophy (cfe Brook 1971,
Vollenweider 1971). S is low in eutrophic woters and high in
ﬁnproductive lakese S appears to Bg a good indicator in
Minnesota lakes (Tables 20 and 21)s |
8. Specieé diversity of whole-water communities_(ﬂ) is an
index that has not beén used extensively, but it has been
proposed as a potentially sensitive indicator 6f trobhy
(Hooper 1969, Brezonik 1969)e Values generally are high in
unproductive\lakes andrlow in eutrophic waters. H appears
~to be a ﬁoderétely good index for Minnesota lakes (Tables
35 and 36).

These eight cla;s'ifiéatory variables should not be
regarded as the only ihdicators that apply to Minnesota lakes.
They are used here as variables that meet the requirements of
trophic~-state indicators, Bﬁﬁ they can be used to‘investigate_
the nature of claésification schemes. Further investigations
on other.physical, éhemical, and biological parameters, a number
of whicﬁ were discussed above, may lead to the identification

- of variables’thai could comﬁlement the present set of indicators

or that may in fact be better indicators of trophye.

-Trophic-State Types
Classification schemes based on trophic-state indicators

(TSI) were investigated empirically by performing cluster -



94

analyses on selected suites of variables. Because of the
fact that the indicators were measured in different units,
it is necéssary to standardize them. Specific conductance,
alkalinity, }ECa + Mg, and the standing crop of phytoplankton
indicate eutrophy iﬁ a positive sense, i.es an increase in the
value of the indicator is associlated ﬁith an increase in apparent
trophic state. Each variablg was standardized by subtracting
‘the mean from each of the observed values and then dividing
the difference by the standard deviation.v Phytoplankton
diversity, secchi disc values, and the number of net taxa;
-however, are inversely related to inqreasing trophic states
Tﬁese vélues were computed rirst'as.reciprocals, and then
. standardized, as above, on the basis of the resulting statisticss
All variables were'weighted équélly in analyses. Orloci's
absolute distance measure, judgéd‘previously as the moét
satisfactory similarity méégﬁre, was used in all analysese

A series of 16 clustering runs was performed by using
selected combinations of the eight TSI. The results of eight
analyses; which are representative of the 16 runs, are set out
in Table 44e In each analysis, four major lake groups areb
‘detecteds The groups are designated here as Tyﬁe 1, 2, 3, and
Le Clusters consisting of fewer than five lakes that enter
a major cluster at high Q/k valués are designated as residualse.
R denotes a single residuél. Rn indicate; a residual cluster,

with n being equai to the number of lakes. In several analyses -
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(Runs 5, 6, 7), a group of lakes was found to be transitional
beﬁwgen Type 2 and Type 3.. Because it occurred in seven of the
runs, it has been designated as Type 2/3.

The most obvious féaturé of these analysesvis that the
size and composition of the Ciusters vary, depending upon which
combination‘of TST was useds The number qf differences is
gfeatest between Runs i and 8 and between Runs 6 and 8, ‘In‘
both cases, neafly one—halfx(BlN) of the lakes were detected
as being membefs of different clusterses The number of‘differencés
was fewest between Runs 6 and.7 (1N)’and between Runs 1 and 3
(6N). : o . ' v o

It is instructive td.examine these'results‘by-éonsidering:
.the maximum énd minimum number of lakes that constitute each
type, and to determiné'the éxteﬁt to which a specific lake is
consistently’recognized as a member of the éame cluster. The
number of lakes anzigned fB)Zaéh of the types can be summarized

as follows (numbers in parentheses refer to the Run number in

Table Lh):
I;i?f. Moximm Nos Minimum No.
1 2 (8) 15 (5)
2 m@ 28
2/3 6(5,6) 5 (7)
3 12 (3) 5 (by 5)
b 07 5 (2)

R 6(208) o 2(3)
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In all cases except Type'2/3, there is a iérge range in the

The number of lakes that are identified con51stently,

or in most runs, as members of the same major type can be

observed in the following summarizations

Type . All 8 Runs 6 of 8 Runs |
s o
. N e
) 0 -
L R B 0
R . 0 2

These findings indicate that many of the ije 1 and 2 lakes

located in northern and central Mlnne sota are conSLStent

| members of each groupo Lakes 1dent1f1ed cons¢stently as

Type 3 and h members, however, are few in numbero Host of
these lakes sort out as Type "2y 2/3, 3, L or as re51duqls
in alternat"ve runse

Collectlvely, the above observatlons reveal that ‘the use

of different sets of TSI con give rise to lake clusters that

are markedly dissimilar in thelr size and compos1tlono If a

matrix of difference values, i.e. the numbers of differences

in lake placement between any two runs is constructed for all

316 runs, a general trend emerges. The composition of the major

clusters becomes more and more dissimilar with the addition of

biological TSI. The maximum number of differences occufs _

between the set of four physical~chemical TSI (Run 1) and the



97

four biological TSI (Run 8)0

Characterization of Types |

Eor the purposes of the present study, it is idupractical
to characterize fhe types that have been identified in all of
the runs. It is more instructive instead to delihit the lake
groupings that were formed by three sets of TSI: 1) the four
physical-chemical indicators (Run No. 1); 2) the biologic
indicators (Run Noe 8);vand 3) the complete set of eight
indicators (Run No. 7)9' Runs 1 and & produced the greatest
' number of compositibnal-differenées; whereas Run 7 jiélded a
ciassification scheme that was intermediate between these
two extrehese |

Thé most cqhvenient procedure for delineéting the lake
groupings is to examine the'meén values of the classificatory
indicators (Table 45), and* then to view the types against the
salinity ranges that they occupys Salinity ranges and mean
values are depicted graphically in Fig.'LZ and are summarized
statistically in Table L6s Within this framework, it is then
possible to discuss the composition of the typeso A complete'
listing of the lakes in each type for all of the runs is given

in Table 4lie

Physical-chemical TSI (Run No. 1)

The four lake types detected in this analysis yield indicator

values whose means are dissimilare All of the TSI, except
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secchi disc values, exhibit progressively higher mean values

~ from Type 1 through Type 4e The relatively high mean value of -

SD in Type 4 is due largely to the incorporationtéf %ake
Spiritwood (Noo 58) into the cluster. SD in this lake is
13.0, whereas four of the other five lakes hévé SD vglues

< 3.0 feet. The low mean SD estimate in Type 3 is dge to SD
levels in each of the eight lakes that do not exceeﬂ§2.5 feeto
The salinity ranges of Type 1 and 2 lakes are well separated,
but Types 3 and 4 overlap witi: each other and wiﬁh Type 2 as

wells The meaﬂ_salinity levels of all'grqups except 3 and 4

are statistically dissimilare

Type 1 is restricted in its composition to the northeastern

lakes, except for Lakes Deming (No. 16) and Josephine (No. 32)

in northern Minnesota.. Type 2 encompésses most of the lakes
in central Minnesota, and includes a number of moderétely
saline prgiric lakes in westérn aﬁd southwestern Minnesota and
in South Dakota. Type 3 is'comﬁosed éntirely of prairie lakes

in southwestern Minnesota and North Dakota. The lakes

representing Type 4 are located in the prairie of Mimnnesota,

North Dakota, and South Dakota. The group does, however,
include two.Saline lakes in northwestern Minnesota {(Mud No. 48

and Thief No. 62).

Biologic Indicators (Run No. 8)

The four lake groups detected with this suite of TSI

yield indicator values whose means are not all statistically



dissimilare. All of the TSI, except H diversity, exhibit

progressively higher values from Type 1 through Type L.

The observation that the mean vaiue of H is higher in Type &
than in Type 3 is due to fhe fact that the lakes that constitute
Type L4 (No's. 3, 5, 15, 18, 28, 37, and 46) have H estimates
that range between 2.2 and 3.95. The lakes in Type 3 (No'se 4
27, 30, 38, k1, 53, 56, 63, and 67) exhibit diversity estimates
that range betweén 0,805 and 2.162. Except for standing crop,
the mean values of the indicators are not élways large between
édjacent types (cfo Type 3 and h). The salinity ranges occupied
by eéch group overlap; in fact, Type 3 is totally eclipsed

by Types 2 and 4. The mean salinity levels between Types 2 - 3

and 3 = 4, however, are not statistically different.

The types are hiéhly heterdgeneous in‘their composition.
Type 1 includes all of the lakes in northeastern Minnesota
and a number of the moderateiy saline lakes in northwestern
Minnesota as well. Lake Pickerel (No. 50) in South Dakota
is also a member of £his type. Type 2_is.restricted primarily
to the lakes of central Minhesota, but it'doeg include several
prairie lakesvin western and southwestern Minnesoﬁa. Type 3
is restricted primarily to the.pfairie lakes ofvsouthwestern

and western Minnesota and to South Dakota and North Dakotae

- Type L, except for Long Lake (No. 37) in northern Minnesota,

is composed of prairie lakes located in southwestern Minnesota

and in North Dskota and South Dakotae
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Chemical-Biological Indicators (Run No. 7)

Five major types were detected with the complete suite of
eight TSI. All of the indicators show highly significant
F-statistics; however, hany of the indicétors are not statisticaliy
_different among each of the types. The lack of statistical
.dissimilaritj between thermean vaiues of several indicators
in some of the types is brought about partially by the formation
of the transitional T&pe 2/3; The five lakes that constitute
this cluster (Elk No _25, Mirinev}aska No. 1;5, Mud No. 48,
Spirituwood Nos 58, and Thief No. 62) exhibit levels of ALK,
'§:Ca + Mg; and COND that are higher than the cofresponding
mean levels of Type 3. ,fhe'lakes sorﬁ out as an intermediate
_group,.howaver, because the mean valﬁes of SD,_SC, Hy Sy and
CPRQ, aﬁbrokimate'thosevofsType 2. The saliniiy range for
Type 1 is uhique, aﬁd that fpr Type 2 overlaps slightly Qith
Type 3. Type & eclipses Typé 3 partially and Type 2/3 entirely.
Despite fhe degfeé of overlép in sélinity range, all but three
possible combinations are statistically Sigﬁificant (cfo Types
2-3,2/3-3,2/3=L4) | |

The composition of_the types is basically intermediate
between Run i and 8.> Type 1 lakes are restricted to the
northeasﬁérﬁ region, except for Josephine (No. 32) and Deming
(NQ. 16). Type 2 includes many of the lakes in central
Minnesota and the prairie lakes Fish (No. 21), and Pickerel
(Noe 50). The compoéition of Type 3 includes only prairie.

lakes, except for Lakes Halsted (No. 27) and Long (No. 37).




R

(3

101

Type 4 is composed strictly of prairie lakes in western and

southwestern Minnesota and in North Dakota and South Dakota.
The transitional Type 2/3 is composed of 5 lakes, all on or
near the prairie. '

There are a number of generalizations that can be drawn

from tﬁé results of the classificaticn schemes based on TSI

- (Table 45 and Fige 42). The use of the four physical-chemical

TSI (Run No. 1) results in several lake types that are well-
separated; however, thé two groups of prairie lakes (Types 3

and L) are relatively similar. This occurs partially because

- of the relatively high SD values in several of the highly

saline prairie lakes, and because the mean levels of COND and

S.Ca + Mg in the two types do not differ substantially from

one another.

The utilization of biological TSI (Run No. 7) results
in some lake clusters whose fiean salinity levels are dissimilar,
but there is considcfable'overlap in the salinity ranges that
they dccupy. This océufs partiél;y_as a consequence of the
relatively high H values in Type 4, and partially because the
mean valﬁes of some indicators do ndt differ markedly between
some of the édjacent types.
| The “intermediate" nature of the types formed by the use
of_the eight TSI (Run No. 7) represents a "balancing" effect
between the physical-chemical and the biolbgical indicators.

Collectively, these observations indicate that the biological
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TSI, relative to the physiéal~chemical TSI, exhibit considerable

variation in lakes of the same geographic regione This is
especially true of the lakes in the prairie. In general,
their use as classificatory variables produces lake groupings
that are noﬁias sharply delimited as those formed by the

physical-chemical TSI.

Biospecievaake Types

There have been n§ attempts to classify the lakes of
Minnesota on the basis of the phytoblankton flora. Previoﬁs
' investigétions on the distributional patterns of plénktonic
diatoms (Bright 1968, unpublished) and net phytoplanktoh
_(Brook i97l, unpublished)‘in the regiqn have chpsed primarily
onidetééting species and species associations.

The composition‘of'the'algal flora; ises the occurrence
and distribution of indiviguil taxa, however, can.be regarded
as a set of variables and can be used for the purpbse of classifying
the lakes (cf. Brown 1969). Theoretically, this approach
represents the antithesis of the one adopted by the above
authors and by many othcr investigators (cf+ Hutchinson 1967),
because the species themselves are used to eétablish lake
groupings. In practice, however, the approaches are complementary
rather than mutually exelusive,‘since each provides related
information. The net phytoplank£on flora ié used here as a

means of investigating lake types in the region.
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Initially, the lakes were arranged in order of increasing
salinity and the species were plotted accordinglyo When the
data are viewed in this form, it is difficult to detect the
optlmum number of lake groups that are present in thc data set,
and it is equally difficult to visualize the degrees of
similarity among many lakes. Manyltaxa either have distributions
that are cosmopolitan or near—cosmopolltan or they occur
sporadically. Some spe01es do have distributions that are
largely confined to a particular-geographic region, e.g. the
northeastern lakes, whereas other taxa have distributions that
span at least two geographically distinct regions, es.ge the
northeasﬁern lakes and the lakes of central Minnesota.

The analyses undertaken here onvbiospecies classification -
schemes are exploratory and highly emplrlcal. The use of cluster
analysis, however, provides an obJectlve means of dellneatlng
lake groupings and allows thé types to be compared with one
another, The algal groups Chlorococcales, dinoflagellates,
and edglenoids were omitted from analysise These algal suites
either contain few species whose disﬁributions are confined
to specific geographic regions, or'theyﬁcontain a‘small number
of taxa that occur so infrequeatly that an analysis would
be strongly weighted by absence data (Taole 57). The chrysophytes,
- although they contain numerous taxa whose occurrences are
restricted to the northeastern lakes and to the lakes of
central Minnesota, were not-utilized in analysis. Species in

this group occur so infrequently in the prairie that an
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analysis would be strongly weighted by absence datas |

Biospecies Types
.Lake classification schemes were investigaded by performing

.- eluster analyses on four sets of phyteplankton’dataé_ diatohs
(25N), desmids (39N), bluegreen (29N), and the entire net
phytoplankton flora (167). ‘The species utilized in the elustering
- runs are set out in Table 57, Specles of dlatoms, desmlds,
and bluegreens w1th fewer than three occurrences were omitted .
from the analysms. Taxa that occur so 1nfrequently cannot be
iregarded as exhibiting a’preference for a particular codmdnity
,type (cf. Fager 1963), All of the analyses were conducted on
-the ba51s of presence/absence data (Table 57) . Thls approach
is more conservatlve than utilizing abundance data, because
the relatlve abundances of the species would be expected to
vary to a greater degree tha; presence/absence data. |

Prior to.the analysis, each spec1es was coded and assigned
a preeence value of 1.0 if it oecurred‘in a sample. The
similarity between iakes_and clusters of lakes is based direcﬁly
on the number of»taxa in common and indirectly on the number
~of taxa not in commodo Ldkes with an identical flora are most
similar; thoée with no taxa in common are most dissimilaro
Orloci (1967) has demonstrated that the absolute distance
. measure exaggerates differences among objects, whereas standard
distande-minimizes these differences. _?or‘each of the fbu:

 data sets, separate clustering runs were performed by using
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both absolute and standard distance. It was found on-

- inspection that the size gnd composition of the groups were
very similar; hence; the presentation 6f results is limited
to those generated with absolute distance. . |

The results of the four analyses are séﬁ out in Table 47.
Three major groups wére detected in eaéh of the r&ﬁs.‘ They
have been designated heré»és Type i; 2; ahd 3. It is appafent
 that the siée and coﬁﬁoéitioﬁ of the t&pes vary depehding
upon whiéh sgt of élgéi data is used. The fesults can be
sumarized initially by examining the numbef of lakes that

constitute the types in each of the analyses:

. o o o Type

9.1:922 S 1 5 3
' Dia£8ms‘._' g 27 10
Desmids 15 33 20

Bluegreéns o ﬁlﬁi 13 17 - 38
Total phytoplankton 13 27 28

The dissimilarity among‘thé composition of Typeé 1, 2,
and 3 in thé runs can be examinéa by cdnstructing a matrix of
difference values. The greatest degree of diésimilarity occurs
between diatoms and bluégreens (37N), bluegreens and total
phytoplankton (33N), and desmids and diatoms. The composition
of the lake groupings is most similar between desmids and total
" net phytoplankton (oniy 1, differences) and between bluegreens

and net phytoplankton (19 differences).
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Despife the relatively high,degfee of dissimilarity among
the lake groupings that‘is,produced by the use of different
suites of algal taxa, several lakes are recognized consistently
as members of the same types _
Type 1: Big (No. 6), Burntside (No. 9), Clearwater (No. 13),
Iron (No. 29), Kimball (No. 33), Lamb (Noe 34), Trout
(Noe 64), Vermilion (No. 66), and Wilson (No. 68).
Type 2: Carman (No. 10), Clear (No. 12), Elk (No. 19),
Fish (No. 21), Halsted (No. "27), Minnewaska (Noo L5),
Pickerel (No. 50), Sallie (No. 51), Tanager (Noe 61),
Upper Mlnnetonka (Vo. 65) o |
Type 3: Alkali (No. 2), Alxallne (NOo 3)9 Ecxelson (No, 18),
~ George (No. 23), Isabel (No. 30), Salt (NOe 52), Traverse
(Nos» 63), Waubay (Nos 67).
The lakes in'Type 1 are all confined.to the northeastern fegion.
Those lakes in Type 2 are Limited to central Minnesota or to
low salinity lakes in the prairieol‘The composition of Type 3

is limited primarily to prairie lakes of high salinity.

Characterizaﬁion'of Tyfes _
The types produced by each suite of phytopiaﬁkton taxa
can be characterized first by viewing the salinity range that
" each one occupies, and then by considering the specific composiﬁion
of the groups. Salinity ranges and mean values for the types
are plotted in Fige 43+ Summary statistics, including the results

of significant difference computations, are given in Table 48.
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Diatoms. This suite of species results in groupings that

are heterogeneous in composition. The salinity rangé spanned

i

by Type 1 completely eclipses that of Type 2 and par@ially
overlaps Type 3. Types 1 and 3‘are statisticaliy di%similar,
as are Types 2 and‘B, but Types L and 2 are not. !

Type 1, the largest group, constitutes nearly half the
study lakes. The grbup is'composed of all but one o} thé lakes
in northeastern Minnesota, and it includes mahy of the lakes
in north-central Minnesota. Three lakes in the decidubﬁs forest
(Frances No. 22, Christmas No. 11, and Spectacle No. 57) and
two prairie lakes (Spiritwood No. 58 énd'Minnewaska Noe 45)
are members'as welle. N ‘

Type 2'is composed of lékes within the deciduous forest
belt and includgs mény of the prairie lakeé in southwestern
Minnesota and in South Dak&tao Lakes Sanborn (No. 53) and
Long (No. 28) in Norﬁh Daketd and Lake Shagawa (No, 55) in
northeastern Minnesota are aiso members qf the group. Type 3,
the smallest group, consists of only 10 lakes, all of which
are lécated in the prairie. | | |

Desmidse. The lake groups forﬁed by this suite of chlorophytes
overlap considerably with one anothers. Type 3 totally_eélipses
the salinity range of Type 2, and it overlaps substantially
with the range occupied by Type 1. Types 1 and 2 are |
statistically dissimilar as are Types 1 and 3; Types 2 and 3

are not, however.
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Type 2, the largest group, is composed'mostly of lakes

.that are located‘from north to south in central Minnesota.

It includes many of the prairie lakes in southwestern and

western Minnesota and .in the Dakotas. It also includes two

~ highly saline prairie lakes, Eckelson (No. 18) and Salt (No. 52),

Type 1, the smallest group, consists of all of the lakes in

northeastern Minnesota, except Lakes Shagawa (Noo 55).and

Superior (No. 60), and includes Moose (No. 47) and Goose (Noes 25)

in north-central Minnesota. Type 3 is composed entirely of
prairie lakes in Minnesota and in the Dakotas, but it does
include Lakes Superior (No. 60) and Shagawa (No. 55) in

northeastern Minnesota and Lakes Long (No. 37) and Josephine

~ (No. 32) in northern Minnesotas

Bluegreens. The cyanophyte flora results in groups that
are highly heterogeneous in their geographic composition. The
salinity range occupied by %ype 1 eclipses that of Type 2, and |
both Type 1 and Type 2 are eclipséd totally by Type 3. Despite
the degree of heterogeneity, however, each of the types is
statistically dissiﬁilar from all otherss v

Type 1 is composed of nine of the 16 lakes in northeastern
Minnesota, several iékes in central Minnesota (Goose No..25,
Gladstone No. 24, and Spectacle No. 57), and Flk (Noe 26) on
the prairie., Type 2,ihcludes approximately haif of the lakes
in'centfal Minnesota., Crane (Noe. 14) in nértheastern Minnesota
and four of the prairic lakes (Big Kandiyohi No. 7, Fish No. 21,

Minneﬁaska No« 45, and Pickerel No. 50) are also members of this
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Type. Type 3 constitutés over half of the study lakes.' The
assemblage includes nearly all of the prairie lakes; many of
the lakes in central Minnesofa, and five of the lakes in
northeastern Minnesota, Superior (No. 60), Vermilion (No. 66),
Dogfish (No. 17), Meander (No. 42), and Loon (No. 3&).

!
Total Net Phytoplankton. The entire suite of planktonic

taxa results in groupings whose salinity ranges oveflap,
especially those of Type 2 and 3. All of the mean values,
however, are statistically dissimilar. o

Type 1 includes all of the 1ake§ in northeastern Minnesota,
except Shégawav(No; 55) and Superidr (No. 6); Type 2 is limited
almost exclusively to the central region of the staté, but it
. does include four moderately saline prairié iakes (Pickerel‘
No. 50, Minnewaska Noo 45, Big Kandiyohi No. 7, and Fish Nos
21). Type 3 is limited in its composition ﬁo the prairie of
 Minnesota, North Dakota, and South Dakota, but it does include
Lakes Superibr (Noes 60) in northeastern Minnesota and Long
(No. 37), Josephine (N00>37)’ and Deming (No. 16) in northern
Minnesota. | |

The results of these analyses permit a number of generalizations
to be made concerning schemes of lake classification based on
suites‘of phytoplankton taxa (Table 50 and Fig. 43). The lake
groupings formed in each of the four analyses tend to overlap
_substantially, as evidenced by the salinity ranges that are

occupied by each of the typess The composition of the lake
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groupings produced by the desmid and the diatom flora is

markedly heterogeneous. The mean salinity levels of some types

‘are not statistically dissimilar. The suite of bluegreens and

the entire net phytoplankton flora also result in lake groupings

whose salinity ranges overlap. The mean salinity level of

each type, however, is statistically dissimilar,
Collectively, these observations provide evidence to
support the #iew that suites of phytoplankton taxa do not produce

lake clusters that are'well~separated from one another. The

- explanation for the degreé of overlap among the salinity ranges

occupied by thé types is that some species occur throughout

the region,'wﬁereas others are distributed over at 1east twoA

 geographic provinceso

The only possible exception to this génefalization is
the scheme 6f léké tyﬁes produced by the complete net phytoplankton
flora. Alihough the saliﬁig&‘ranges of the types.db overlap,
thevmean values are extremely well4separatéd fromvone another;

The fact that some types exhibit meén salinity leﬁels
that areAstatisticaily dissimilar, hoﬁever, provides evidence
that there are.certain_speﬁies that occur principally in
specific lake types. Indicator species will be evaluated in

Chapter 7.

Comparative Lake Classification Schemes
One of the major questions that arises in lake typology

is: How similar are lake groupings that have been formed by
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using different sets of criteria? The previous analyses, based
on data sets consisting of major solutes, TSI, and phytoplankfoﬁ
species, provide an opportunity to investigate this problem |
in a mannef that is reasonably objectives

The procedure adopted for these comparisons is the same
as that employed in previous analyses. Contrasts aré made
on the basis of 1) the salinity range that is occupied by
each type, and 2) the statistical‘significanoe of the mean
values. Direct contrasts among maJor solute and TSI classifications
‘and among biospecies groupings are possible because the number
of groups formed in the analyses is similar. |

Contrasts Between Chenlcal and TSI Schemes. Salinity

ranges and mean values for the masor solute and TSI classification
schemes are deplcted graphlcally in Fig. h2 and summarlzed |
statistically in Table L49.
The salinity range oscipied by Type 1 in three of the
analyses is identical. The biologic‘TSI, however, result in
a group that spans a much largef range; Its mean value'is
statistically dissimilar from all other groupingse
" Type 2 exhibits salinify ranges that are diésimilar,
especially the one occupied by the biologic TSI, The mean
values of the fourvgroupinvs reflect obServable differences;
'however, none of them is statlstlcally dissimilar at P 04056 -
j

~ If the level of regectlon is lowered to P = OolO, the mean

values between major solutes and biologic TSI and between
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biologic TSI and chemical&biologic TSI are dissimilare

Note: Type 2/3 was‘omittéd from analysese

Type 3 ekhibits moderate differences in salinity range
and mean values; These differences, however, are not
significant, indicating a high degree of.similarity in
compositione | |

Type h,'except_for the major solute grouping, occupies
broad salinify‘ranges. None of the groupings, howévér, is
statistically dissimilar. o

These compafisons revéal-that the types forﬁed by major
solutes and by TSI indicator sets are reasonably similar in |

their compositione The significant differences that occur in

~Types ) and 2 are due primarily to the set of'four'biologic

TSI, There is a'tendenpy also for the three sets of TSI to

~ form Type 4 groupings that span large salinity ranges. The V

differences are statisticalfy insignificant, however, but
further testing with a larger number of lakes wouid be necessary
to evaluate the degree of similarity or dissimilarity.

Biospecies Contrasts. Salinity ranges and mean values

for the bilospecies classification schemes are depicted

graphically in Fige 43 and summarized statistically in Table 50e

Type 1 groupings occupy highly variable salinity rangess
The largest difference is between the diatom and total net
phytoplankton. Each of the four mean values is observably

different, but none of them is statistically dissimilar.
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Type 2 spans salinity ranges‘that are diséimilar, especially
those occupied by the desmid and the total net phytoplankton.
Although in most cases the means are dissimilar, none of them
shows statistical dissimilaritye.

Type 3 spans large salinity ranges, and, exceptAfor the
diatom grouping, exhibits mean values that are highly simiiar._
None of the mean levels is dissimilar at P = 0,05, At P = 0,10,

however, the diatom grouping does differ from the groupings

~ formed by the other three species suites.

These comparisons reveal that each of the types formed
by the four species suites is fairly similar. Despite the

observable differences in salinity range‘and mean value, the

~only comparison that is statistically significant involves

Type 3 lakes, and it is due to the grouping formed by the
diatomsa

' ‘1|Eb . - . -
Contrasts Among Chemical, TSI, and Biospecies Schemes.

Direct comparisdns among the types that have been generated
by the use of major solutes; combinations of TSI, and suites
of phytoplankton taxa cannat be made statistically (Figs. 42

and 43). The major solute and TSI classifications geherally

‘result in four major types, whereas the species suites give rise
‘to three primary lake groupingse Nevertheless, several
"generalizafions can be made by evaluating the results in a

subjective manners.

1. The.salinity ranges spanned by Type 1 clusters are nearly

- .identical for the major solutes, TSI (chemical), TSI (chemical
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and biological), and net phytoplankton. The salinity ranges

occupied by the TSI (biological), desmids, bluegreens and diatoms,
however, are much larger and exhibit higher mean levels. |
2. The salinity ranges spanned by Type 2 clusters are narrow
and reasonably well-separated from ad301n1ng types for the
ma jor solutes and the TSI (chemlcal and blologlcal)o The
biospecies and the TSI (b;ological) cluster, however, occupy
'exceptionally broad salinity ranges and they overlap éubstahtially
with other lake gfoupihgso
3+ The salinity ranges occupled by Type 3 are extremely large
-~ for the desmlds, bluegreens, and net phytoplankton. They
include or totally ecllpse Types 2, 3, and L in all of the
_iother analysese. |

These'observaﬁibn# demonstrate that the lake groupings
based on ﬁajor solutes are reasonably distinct geographically
and they afe wellnsepafated*from one another. Comparatively,
the utilization of biological TSI results in lake clusters that
occupy larger salinity ranges,.and that are not as well-
sgparated from one another. The lake groupings formed by
selected suites of phytoplankton taxa exhibit the greatest
degree of heterogenelty in their size and geographlc compositione

Nearly every one of the types overlaps with other grouplngs.
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CHAPTER VI

EVALUATION OF TROPHIC INDICATORS

One of the principal objectives of the pre#ent study is
to evaluate properties of diatom and phytoplankton communities
as indicators of trophic status in Miﬁnesota lakeso The
analyses undertaken herebare designed specifically to 1)
evaluate each variable as a_poiéntial indicator'of trophy,
to 2) identify specific algal expressions that are unique
indicators of trophic state, and to 3) deiect community properties
_that may serve as indicators after further, more extensive
study. As an ihtegratéd par£ of these evaluations, the results
of this investigafion are cbmparedlwith previous sﬁudies in
Minnesota (Net ?hytéﬁlan}cton Analysis), and ‘they are contrasted
with investigations in other north-temperate regionse.

The analyses undertaken here can be carried out in a manner
that is réasonébly quantitative. The previous studies on lake
classification provided lake groups that are objective and that
are defined in their composition (Chapier'v)o For the purposes
of the present evaluation,‘I have elected to utilize the types
-that were established by perfdrming cluster analysis on tﬁe
suite of major solutes (cf. Figo 41 and Table.h2)o These
- groupings are highly conservative in composition. The mean
values of the major soiutes are eithéf statistically of

observably dissimilar among each of the types (Table 43); the
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mean saliniﬂy levels of the groups are statistically dissimilar
(T;ble 46); and the salinity ranges occupied by theltypes are
reasonably well-separated from one another (Figo £1)e -

In order to maximize the size of the types, five additional

_ lakes were added to the groupings. Lake Goose (ng 25) was
placed in Type 1, and Lakes Lillian (No. 35), Stinking (No.

59), School Grove (No. 54), and Albert (Noo 1) were added

to Type 3o These lakes were not included in the classification

scheme based on major soluteé because data on the concentrations
of major anions and cations were not availableo The lakes have
COND values, howe%er, £hét justify their assignment to each
of the groups. (cr. Tables 12 and hé)e
Each type has been assigned trophlc de51gnatlon. This
nomenclature, relative to the range of trophic conditions in
Minnesota lakes, is SAtisfagtory'for the purposes of descriptione
Type 1 (18N) is regarded ;s;; group of oligotrophic lakese
Type 2 (24N) is considered to be allake group that is mesotrophic
to eutrophic in charactere Type 3 (ZlN) is viewed as an
assemblage of lakes that is saline and hlghly eutropnlco
Type 4 (5N) is a small group of prairie lakes that is hlghlf
saline and "hypereutrophic" in nature (ggggg Bﬁezonik et al. 1969).
It should be emphasized that the nomenclature used here

is arbitrary, and it may not be comparable to trophic states

as defined by inves tlgators in other regxonso Despite this

fact, I am in agreement with Vallentyne (1969):
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The concept of trophic state as described in

the limnological literature (e.g. oligotrophy,

mesotrophy, eutrophy) is too multi-dimensional and

too susceptible to individual interpretation to be

of value to model makerse Nevertheless,

limologists should establish criteria for

‘ _ oligotrophic, mesctrophic, and eutrophic waters,

o both in terms of lake classification per se and
problem—~oriented classifications independent on
morphometric change. Both have predictive valueo

A preliminary rationale for relating salinity levels to

nutrient levels and productivity in lakes of this region was
presented in Chapter IV, pe 4he The justification for assigning
trophic designations to léke.groupings that are based on
differences in the concentrations of major solutes and salinity
is based in part on Moyle's (1954) investigations and partially
on data generated‘in the present study. _

Mbyle demonsfrated that increases in salinity generally
are accompanied by increases.in the levels of phosphorus,
nitrogen, and alkalinity. On a volumetric basis, therefore,
the lakes in northeastern Minnesota are lower in nutrients
and less productive on the average than the lakes of central
Minnesota. The shallow prairie lakes can be considered as
representing waters of high nutrient content that are more
productive on the average than the lakes in the central part
of the state. |

Measurements of total phosphorus from seven lakes in
northeastern Minnesota and from five saline prairie lakes that
were made in this study closely approximate the mean levels of

phosphorus that are given by Moyle (1954) for the two regions.
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Although the phosphorus estimates are too vfew in number to
investigate the degree of correlation between this nutrient
and salinity, it is likely that salinity is in fact .a good
indirect measure of nutrient level.

In addition to this evidence, the assignment o} trophic
|

designations to the lake types can be substantiated by measurements

on the standing crop of phytoplankton (SC) and by régional
differences in transﬁarency. The estimates of SC exhibit
a significant positive correlation with specific conductance

(Table 13 and Fige 32), and they also show significant

differences in mean value among the types (Table Sh)o Similarly,

secchi~disc transparency (SD) exhibits a significant inverse
" correlation with salinity (Table 13)s The mean values of SD
in the lake groﬁps.are:
Type SD (feet)

1l ° 12.0
2 645
3 2.8
A 1.6
The results of an analysis of variance (af = 3, 6L) yield an
F-statistic of 10.9 (significant at P = 0.01)». All of the.
mean estimates are dissimilar'at P = 0.05; as Jjudged b& the
mﬁltiple comparison test of Scheffe (1959).

The statistical procedures and criteria that are used to

evaluate each algal variable are presented here in detail.
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The initial step in the evaluation is to perform an analysis
of variance. This procedurc determines if there is at least
one combination of mean values that is statistically dissimilar.
A mean square ratio of F = 2.7, at P = 0,05 and F = 4410 at
_P = 0,01 is required to detec£ a significant mean difference,
In these analyses there éfe 3 and 64 degrees of fﬁeedom. If.
a significant F-statistic at either of these levels is 'detééted,
the multiple mean compafisoﬁ'test of Scheffe (1959) is appliéd.
The.latter aﬁaljsié identifies épecifically which mean combinations
differ from one andther; ‘The sighificance level is set arbitrarily
at P = 0405 (F = 2.74)e

The analysis of vafiancé, cbupled with the mulﬁiple comparison
‘test, is a procedure that is generally satisfactory. The number
of lakes in Type 4 (5N), however, is very small and cannot
be rcgarded as a representatlve group of lakes, Its
1ncorporat10n 1nto the above analyses could cause significant
mean differences between Types 1, 2, and 3 to escape detection.
For séme éf‘the evaluations, separate anélysis of wvariance
tests were performed by omitting Type Le The results are
presented only if'they substantially altef.the conclusionse
in addition, if réasénably large differences between the mean
values‘of'Types i and 2 were observed, a separaﬁe analysis
_vuSing only these two groups was perfbrmedo A mean square ratio
Of F = 4+08 at P = 0,05 and F = 7431 at P = 0.0l is required

for significance.
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The criteria that are used to assess each variable as an
 indicator of trophic state are: 1) a significant difference
betﬁeen or among mean values in the types; and 2) the trend
of the average estimates in each‘type to increase or to
decrease progressively with trophic states of higher order.
The assessment of potential‘or actual indicator value undertaken
here also includes_a consideraiion of the criteria outlined
by Brezonik and Shannon (1971). Specifically, they suggest

that an indicator should be a property that is measureable

and quantifiable. Obviously, an estimate of an algal variable
that is highly dependeni upon sample size or tﬁat is difficult

to measure accurately becaﬁse of pobriﬁfecisioh détracts fronm

.its value as a potential indicator of trophic state. The
previous analyses on the bias that can be introduced by &ependence
on sample size and by counting errors (Chapter II) are integrated

with the following evaluationse

Net Phytoplankton Analysis

Species Number ‘ _

The average value of S in each of the types is statistically
dissimiler (Table 51). The mean value of § is highest in the
oligotrophic iakes and lowest in the small group of prairie
lakes, and itldecreases in avefage value with increasing.trophic
state of the lake groupingso These observations indicate that

S is a good indicator of trophic status in Minnesota lakese
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It is instructive to compare these findings with the results
of a previous investigation that was conducted by Brook (1971,
unpublished). He sampled 55 lakes duriﬁg summers 1965-1967
that were distributed among three ;ake groups within the study
region (Table 52). The types utilized b& Brook are similar to
those of the present studye. Type 1'(22N) is composed entifelyv
of lakes in northeastern Minnééota. Type 2 (26N) constitutes
the lakes in the central region of the states Type 3 (7N)
is a small group of prairie lakes in Minnesota. The mean
COND values of>Types 1 and 2 are nearly identical with those
of the present study. Type 3, however, has a ioﬁer salinity
level than Type 3 of this study (Table 43).

~ Brook®s observations differ in two respects ffom those of

the current study. First; the hean values of S in Types 1 and -
2 are not statistically dissimilar. Second, in this study the
mean estimates of S in Tyﬁbgil and 2 are ngarl& twice as high
as those detected by Brook (1971, unpuﬁlished)o

These disparities are surprising and are somewhat difficult |
to rationalize. It is plaﬁsible that average values of S are
higher during fall than during summer.  The discrépanéy also
could be attributed to differences in the thoroughness of
sample analysis, or to the fact that some taxa used in the present
‘computations wefe not utiliZed by Brook (see Chaptef IT, pe 11 |
and Table 57). | |

Although the findings of this study indicate that S is a

~.good indicator of trophic state, Brook's observations suggest
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that the expression may not apply throughout all sea$6ns of

the yeare Moreover, it is necessary to standardize sample
sizes and to define precisely just which species are planktonic

and should be included in analysise

Compound Phytoplankton Quotient

The mean value of CPQ in each of the types is observably
different (Table Si). Each estimate increases with incréasing
trophic status of the lake groﬁpingso Not all of the means,

however, are statistically dissimilar. CPQ is low in the

~ oligotrophic lakes, and it differs significantly from all of
- the other mean estimates. Types 2 and 3 and Types 3 and 4,

- however, cannot be judged as dissimilar on the basis of ‘

these calculatidnso

These results suggest that CPQ is an indicator that

allows the oligotrophic lakes to be distinguished from the

mesotrophic to eutrophic lakes in central Minnesota. The

quotient, however, does not appear to be an expression that

can be used to separate all trophic categories in the study

regione. .
| It is insiructive tobcompare the results of this study
with those of Brook's investigation (Table 52).' The

composition of the lake groupings used by him were discussed
above; His observations indicate‘that mean estimates of CPQ

in each of the types are statistically dissimilar. The small
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group of prairic lakes yields a higher mean value than Type 3
in the present studye This méy be an aftifact of sample size,
howvever. The mean values of CPQ in'Types 1 and 2 of both
investigations are nearly identicals ‘

Brook's findings éompare favorably with results of the
present studye The fact that the mean values in the oligotrophic
and mesotrophic to eutrophié iakes are nearly identical indicates
that seasonal variabiliﬁy in CRQ is probably minimél. The
feasibility of using CPQ to distinguish between Types 1 and 2
is Jjudged here asvacceptable.v‘lt is supported also by thé fact
that errors in the estimation of the‘quotient.are small
(Chapter II, pe 1l). | |

The above 6bservati6ns‘revealfthat the scale of CPQ values
that was proposed‘by Nygaafd’(l9h9) for Danish lakes and used
by Brook (1965) in Great Britain does not apply to the lake
groupings in Minnesocta. ﬁoﬁﬁ authors use the following trophic
ranges: oligotrophic (0 ~ 1); mesdtrophic (i.~ 205); and
eutrophic ( >2.5)s In this‘study the.qﬁotient ranges between
0496 and 5.5 in the oligotrophiévlakes (X = 2033), and between
1.92 and 15 (% = 5.41) in the mesotrophic to eutrophic lakes
of Minnesotae‘ Similarly, Brook!s obéervations in.this region.
reveal that CPQ ranges between 006 and 4O (X = 2.54) in Type 1
and from 1.92 to 15,0 (% = 6478) in Type 2. |

The scaling of quotient ranges in Minnesota lakes is markedly

displaced toward the eutrophic Qategory. If the trophic spectra
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of the above authors is imposed on Minnescta lakes, Type 1 would

1]

be judged as mesotrophic to eutrophic, and Type 2 would be
ranked as highly'eutrophic. This disparity is undoubtedly

due to the fact that the oligotrophic lakes in this region are

not so chemlcallJ dilute as the ollgotrophlc waters in Brltaln

and Denmarke Brook (1965) glves an average value of 0,07 meq/l
CaCO3 for ollgotrophlc lakes in the English Lake Dlgtrlcto

Type 1 lakes in thls reglon average 06374 meq/l CaCOB, a five-fold
difference, It is apnarent that, if CPQ is to be used as an

1ndlcator in northmtemperate regions, estlmates should be

' welghted or normallzed in some fashlon SO that reallstlc

comparlsons can be madea

Desmids

The average value of DESMID S in each of the types is

 statistically dissimilar (Té%le 51)s Mean estimates are.highesﬁ

in the oligotrophic lakes, lowest in the small group of saline

prairie lakes, and progressively higher with increasing trophic

‘statee These observations indicate that DESMID S is a good

indicator of trdphic status in this region.

Thg results of £he present study were compared with Brook's
investigatién (Table 52); His data reveal that the average
values of DESMID S are dissimilar between Types 1 and 2, but
Type 3 does not differ from Type 2., The 1étter observation

méy be real, or it may be an artifact of small size in the prairie



125

groupinge The major difference between ﬁrook's observations
and the present findings is that DESMID S is noticeably higher
in each of the three types in this study. This discrepancy
could be due to seasonal variability or to the facﬁ that some
desmid taxa not utilized by Brebk were included in the |
computations in this study.

Collectively, both studies indicate that DESMID S is a

- good indicator of trophic state in Minnesota lakes. It is

necessary, however, to standardize sample sizes and to identify

the specific taxa that should be used in the computations.

Diatom'Ratios

‘Stockner's Ratio

The mean vaiue of A/Cs in each of the types is observably

different (Table 53). Average estimates are highest in the

B
oligotrophic lakes and in the small group of prairie lakes.

Types 2 and 3 yield lower mean Valuee._ None of the estimates,
however, is statistically dissimilar. A separate analysis was
performed on Types 1 and 2 because of the observable differences
in average value., The test revealed a ﬁonmsignificanf difference
at P = 0,10 (F = 2,75, df 1, 40)s |

These observations indicate that A/Cs, as proposed by

-‘Stockner, does not reflect trophic conditions in Minnesota

lakes. Stockner's trophic scale of 0-1 (oligotrophy),

1 - 2 (mesotrophy), and >2.0 (cutrophy) suggests that all
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lake groups in this region are highly eutrophic, especially the

oligotrophic lakes in northeastern Minnesota. The féasibility
| of further stﬁdies on -A/C8 is not promising because_éf its
depéndence upon sample size (Figs. 5 and 6); and bec%uSe precision
in its estimation is judged as moderately poor (Tablé 2).

The components of the ratio do exhibit mean valées that
are significantly different among some of the types &Table 53).
Average estimates of AS are dissimilar among éll types and
decrease progressively with higher trophic states. This
observation suggests that AS may, in fact,‘represent an
expression that can be used to distinguish lakes of dissimilar
trophic status. Further studies, however, would be necessary
.io verify the present observations.

Cs also exhibits mean values that are significantly
different among some lake groupse. Average estimates are highér
~in Types 2 and 3 and lower.ih the oligotrophic and saline
prairie lakes, This trend is difficult tb interpret. CS is
judged here as an indicator that has little value in separating

lake groupings of dissimilar trophic state.

Nygaard's Ratio '

The mean value of C/P in each type is observably different
(Table 53). Estimates are relatively similar in Types 1, 2,
and 3, and the ratio is low in the saline prairie lakes. The

average values, however, are not statistically dissimilar.
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These observations suggest that the‘ratio cannot be used

as an indicator of trophic state in Minnesota lakes. In

addi#iou, if Nygaard's scale is used (< 0075'indicates.mesotrophy),

all of the lake groupings would be in the category of oligotrophic

to mesotrophice. The feasibility of further investigations on

C/P is not promising because of its dependence on'Sample size
(Fige 7 and 8), and because précision in its estimation is
judged as relatively poor (Table 4)e |

‘ Similarly, the compbnents of the ratio appear to have

limited value as indicators (Table 53). Average éstimates of

" Pin each of the types are not statlstlcally dlsalmllar. Mean

estimates of C are comparable in Types l, 2, and 3. The

151gn1flcant F—statlstlc is due to the low value in the small

group of prairie lakes and is inconsequential.

5} B

The mean values of A/C are nearly equal in each of the
types (Table 53). None of the average values is statistically
dissimilar. Similarly, the components of the ratlo do not
yiéld mean values that produce significant differences among
the typ;s. The significant F-statistic generated By Ct
estimates is due to the low mean Qalue in the small group of
prairie lakes. This difference is judged as inconsequéntial.

This ratio and its components appear to have little value

as indicators of trophic state in this fegiono The feasibility
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of further studies on the distribution of the ratio;areAjudged
. as impracticale The ratio is highly dependent upon :sample size
(Figs, 9 and 10), and it cannot be estimated with a high degree
of precision (Table 3). | i

The "alternative ratios" that were generated by using
each diatom group alternatively as numerator and deJominator
(Chapter IV) were tested for significant dlfferences among
‘the types. The results are similar to those of A/C_, C/P,
and A/Ct (Table 53)e No significant differences thaf have

indicator valué were detected,

Quantitative Anélysis

" Standing Crop

The mean estimates of SC in each of the types are

' statistically dissimilar g?%yle 54) e Averége values are

low in the oligotrophic lakes, high in the small group of
saline prairie lakes, and progressively higher with inéreasing
trophic status of the lake groupings. These observations,
coupled with the high degree of precision in estimation

| (Table 5), provide evidence that SC is a good indicator of

trophic state in Minnesota lakes.

Net/Nannoplankton
The mean estimates of NET SC in each of the types are

statistically dissimilar (Table 54). The values are low in
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the oligotrophic lakes and progressively higher with increasing
trophic status of the»lake groupings. These observations
provide evidence thafrthis component of total SC is also a

good indicator of trophic state in the study regions.

The mean values of NANNO SC in each of the types are
obéervably different (Table SA); however, none of the estimates
is statistically dissimilar. The failure of this fraction of |
standing crop to éxhibit significant differences among the
types is due to the high degree of variance associatéd with
each of the'meanso The observable difference between Types 1
~and 2 was tested separately because qf the'lafgé.difference
‘between the two means. The estimates, however, éfe not
dissimilar (F = 0.7, df = 1, w)

. These observatlono suggest that NANNO SC is.observably
different among the lake groupings, but its value as an indicator
 of trophic state is minim§l§because of the high degree of

variability within each of the lake groupse.

Community Structure Analyses

Diatom Dlve551ty
| The mean values of the 1ndlces D and H and the related
statistics S and J exhibit observable differences among each
of the types (Table 55). None of these exbressions, however,
is statistically dissimilar, The relatively large difference
between the mean values of D and H in Types 1 and 2 prompted

a separate test involving only these two groups of lakes.
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" The results of analysis, however, indicate that the'mean
. values are not dissimilar (H:F = 2,00, df = 1, 40; D:F = 04999,
df = 1, 40). ' ;

These observations provide evidence that specigsvdiversity
in diatom commmnities is not an indicator of trophi% state in
Minnesota lakese The failure of the indices to exh%bit significant'
. difi‘eren.ces among the lake groupings cannot be attributed to
the effects of sample size (Figs. 18 and 19) or to biases that
are introduced by the lack of good precision (Tables'7 and 8).
Although both D and S are dependent upon éample size, thié
problem hés beéﬁ circumvented by using a reasonably constant
count size throughéut the entire study (Table 2L) e

It is instructive to_compare the values of D and H in
this study with the trophic spectra given by Margalef, The
mean value of D in the four lake groups indicates that each
' type would be recognized stmesotrophic (245 = 34.5) or
oligotrophic ( >3.5)s The estimates of H, hbwever, suggest
that each group would be recognized as eutrophic (< 2+5),
These estimates do not conform to the ranges that would be

anticipated for lakes of this region.

Phytoplankton Diversity
The mean values of the indices H and D and the related
properties J and S exhibit observable differences among the

types (Table 56). Some of these contrasts are statistically
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dissimilar, whereas others are not. These indices and

properties will be examined individually.

The average esﬂimates of D in each oflthé types are
observably different. The oligotrophic lakes, however; do not
differ from thé mesotrophic t§ eutrophic lakes of central
Minnesota, and the two groups of prairie lakes do not exhibit
mean values that are sﬁaﬁistically dissimilar. The relatively
large observable differenéevbetween Types 1 and 2 prompted a
separate test involfing only these two groups. The results
of the analyéis, howéver, indicate £hat the means are not
dissimilar (F = 14597; af = 1, 40).

These findings indicate that D has limited value as an
.'indicator of trophic state in Minnesoia lakes, The results.
of these anéiysés'are’not biased by a lack of pfecision in.
the estimaﬁion of D (TaBle 8). BEstimates of D, however, are
- dependent upon sémple size QFig. 2L)s The use of a reaspnably
consistentvsample size throughou£ the study, however, minimiies
this biase

The average estibates of H in each of tﬁe types are
observably different. The oligotrophic lakes, however, do
not differ'from the mesotrophic to eutrophic lakes in central
Minnesota nor are they diséimilar from the small group of
highly saline prairie lakes. Similarly, the mean values of
the two groups of prairié lakes are not statistically dissimilar.

The moderately large difference between estimates of H in
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Types 1:and 2 prompted a separate test involving only these
two groups of lakes. The results of the analysis indicéte,
however, that the means are not dissimilar (F = 2,061,
df = 1, 40). These observations proVidg evidence that, although
observable differences in H do occur among the types, the index
has limited value as an indicator of tro;hic state in this
region. The present findings are not biased by a lack of
precision in the estimation of Hv(Table 10), nor are they
biased by tﬁe effects of sample size (Fig. 23). |

‘The evenness compohent of H diversity.does exhibit observable
differences in all of the types. -The mean valués of J are
similaf in Types 1, 2, and 3. The significantvF«sﬁatistic is

. due to the relatively low mean value.that was detected in the

highly saline prairie lakes.’

These observations indicate that J is not an indicator
of trophic state in Minne3oba lakes. The results of the
analyses are not biased‘byvpoor précision or by the effects
of sample size., Precision and the iniluence of céunt size
on evenness are comparable to those already presented for He

The mean values of S in each of the types are s#atistically
dissimilar, The average number of taxa is highest in the oligo~
trophic lakes and lowest in the small group of saline prairie
lakes, and decreases with increaéing trophic status of the
lake groupingse |

These observations indicate that S in samples of whole

water is a good indicator of trophic state in Minnesota lakes.
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S, however, is dependent upon sample size. It can be used

effectively qnly if the size of the count is reasohébly constant.
Tt is instructive to compare the range of valu?s of D

and ﬁ obtained in this study with the trophic spectéa given

|
by Margalef. On the basis of D, each of the types in

Minnesota would be ranked as oligotrophi: (> 3-5)9 %nd Types 1

and 2 would be considered as lake groups that are “ﬁltraoligotrophic".

The scale of diversity values proposed by Margalef does not

appear to be'applicable to a description of the trophic status

of Minnesota lakeso | |
Coﬁtersely, the average estimatés of H in the lake

groupings fit Margalef's trophic ranges reasonably well. The

mean value of the index in Type 1 is very close to the expected

value of 3.5 for oligotroﬁhip lakes. Type 2 would represent

a group of lakes that is‘meéotrophic. The two groups of prairie

lakes would be judged as eu%rophic or bordering on mesotropﬁy.
Although D and H have been judged iﬁ this study as indicators

of limitéd value in Minnesota lakes, the observable differences

in average value in-each of the types suggest that further

studies are neededs If the number of lakes sampled in each

group is increased, it is possible that significant differences

might be detected among most of the lake'groupingso

Net/Naanplankton Diversity
The average estimétes of NET H, NANNO H, and the number

of species in the two fractions exhibit observable differences
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among the types (Table 56). Several of the mean estimates

are statistically dissimilar, whereas others are note

| The average values of NET H and NET S are dissimilar among
all of the types, except between the oligotrophic lakes and
the mesotrophic to eutrophic lakes in central Minnesota and
between the two groups of prairle lakes.

NANNO H exhibits average values in each group that are
'very similar. The 51gn1f1cant F—statistlc is due to the relatively
high mean‘estimate in ‘the oiigotrophic lakes and the moderately |
low value in the ierge‘group of prairie iakes. In these
analyses Types l and 2 are observably dlfferent, but they are
not recognized as statistically dissimilare. A separate test
involving only these two groups was performed. The'results of
the analysis 1ndicate that the mean values are in fact dissimilar
(F = Lo50%, df = 1, ho), |

The mean estimates 6}5%AﬁNO‘S in all of the types are
observably dissimilar, The highesﬁ average valﬁe occurs in
the oligotrophic lakes and £he lowest,in the smail group of
saline prairie lakes, and there is a progressive_decrease in
valﬁe with increasing trophic status of the lake groﬁpings.

All of the contrasts are dissimilar, except for Types 2 and é
and Types 3 and L. | | |

The present findings suggest that species dirersity in
cemmunities of net- and nannoplankton cannot be used effectively
as trophic'indicators in Minnesota lakes. The fact that some

types exhibit mean values of H and S that are dissimilar,
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however, suggests that further studies should be undertakene.

It is plausible that by increasing the number of lakes in each
group, species diveréity in net- and nannoplankton might
' yield significant differences among most of the typese

NET SC and NANNO SC, expressed as'ﬁercentage estimates,
were tested for dissimilarity among the—;ypeso Mean percentage
values in fhe four groups.of.lakes do not résult in significant
diffefences (Taﬁle 5L) e Types 1 and 2, however, exhibit
relatively large differences in mean &alue. These two groups
were tested separately for dissimilarity. The results of the
analysis indicate that the oligotrophic lakes and the.mesdtrophic
to eutrophic lakes in central Minnesﬁpé are dissimilar (F = 9oll2%%,
df = 1, 40). These observations suggest that NET SC and NANNO SC
caﬁ be used as indicators to distinguish‘between these types, -
but it is doubtful that the.expressions will apply to the’

entire region. , w ¥



EVALUATION OF INDICATOR SPECIES

j

One of the'objectives of the présent study is tp evaluate
species of net phytoplankton as indicatofs of the tr;phic
status of lakes in Minnesota. _Specificaii&, the anaayses
undértaken here are designed to 1) evaluate all of the species
as potential indicators of trophy, to 2) ideﬁtify species that

are unique indicators of lakes of dissimilar trophic state,
and to 3) detect ta#a that may be féund to have frophic
pfeférencés after further, more exténéive studye.

There have been numerous attempts to identify taxa that
_éxhibit trophic preferences, and to use them to assess the
trophic state of lakes (cf. review by Hutcﬁinson 1967)s The

practice qf utilizing indicator species, hbwéver, generally |
"has met with limited succeséi A taxon that appears to be a
reliable indicator in one lake district either_exhibits no
apparent trophic preference in another region, or'it exhibits

‘a preference for a different trophic state. Teiling (1955),

for example, claims that indicators of oligotrophy and eutrophy
in European lakes are not distinct, but he suggests that’certain
_taxa are indicators of mesotrophy. Rawson (1956) suggestsv
that tﬁere may be few, if any, species in lakes of western
Canada that .can be used with'confidence in assessing trophic

status. Jarnefelt's (1952) investigations on more than 300
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lakes in Finnland reveal that few taxa can be'judged as indicators

of oligotrophy, and only 30 taxa are found exclusively in lakes
that are of high nutrient status. |

It is pertinent to this investigation to consider the basic
difficulties that can be encountered in évaluating species'
as indicators of trophic statuse There é;é four'probiems that

can introduce bias into such assessmentse le The nomenclature

used by varidus inveétigators'freQuently differss, Confusion
‘can result therefore because of synonomies and other taxonomic

inconsistenciess 2. A species may occur in lakes that are

dissimilar in their trophic status. Although the species may

be indi$tinguishable‘mdrphologically in each group, it may

exhibit physiological differences that allow both forms to

tolerate differént conditioﬁs of trophy. ,3. The trophic
status of the lake groups uséd by various investigators is not
always well—defined, and fréhuently the groupings have not been
established in ah objective manner. It is difficult, therefore,
to compare indicatorsvof "oligotrophy" in_one lake district
with indicators of "oligotfdphy" in énother regionol Les The

criteria that have been used to assess a species trophic

'preference rarely have been defined in a manner that is

quantitative. How many times must a species occur in a group

. of lakes before it can be regarded as exhibiting‘a trophic

preference? Furthermore, it is conceivable that one investigator

would judge a species to be an indicator, vhereas another



~ distinguishing among states of trophy.

degree of subjectivity that_is normally encountered in
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would consider the taxon to be of limited value in

'
i

The analyses undertaken here are designed to minimize the
!

assessing the indicator value of planktonic algaee fThe taxonomic
- !
nomenclature used in this study is internally consiétent
i

(Chapter II)s. The possible existence of identical phenotypes

with dissimilar physiology, however, cannot be evaluated in

- the present investigation. The lake types utilized here are

those that have been established by performing cluster analysis
on the suite of major solutes (Fige 41, Table 42). The types

have been derived objectively, they are well-defined in their

~ composition, and they represent lake grpups of dissimilar

trophic statuse A rationale for their use has been presented
in Chapter VI. |

The method that is uged heré to evaluate the trophic
preference of a species is a measure of fidelity (Fager 1963) .

An ideal or unique indicator is a species that occurs in all

- of the lakes of one group and in no other lakes. Species,

however, respond to complex gradients, and rarely, if ever,

'.do,they occur solely within a single type of community

(Whiﬁtaker 1967)« The present study has demqnstréted indirectly
that species occurrences extend into different lake groupings,
and there is overlap in some of their distributions (Chéﬁter V)o

I have elected to use numerical procedures that are objective

and reasonably quantitative. The first step in the evaluation
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is to "screen" each species by simply examining the number of
occurrences within each lake group. Species that are found in

i

two or more of the types with relatively similar occurrence

values are ignored as potential indicators of troph;c statee.

- Species that occur principally within a partlcular lake group

are evaluated by frequency (FR) and preference (PR)'calculations.

FR is the number of occurrences of a species in one.iake‘group

divided by the number of lakes in that group. PR is the number

‘ of occurrences of a species in a lake group divided by its total

number of occurrences in all'groupsc A unique indicator,'i.e.

a species'that occurs only in one lake groub and in all of the

lakes of that group, would have‘FR and PR values of 1.0. FR

~and PR are not necessarily relateds. A taxon may have a felatively

low FR value and a reasonably high PR value., Similarly, a |

species may exhibit high FR values and mederetely low PR

estimates. If either of ﬁhé%e expressions is used individually,

assessments of indicated value couid be strongly biased. By

using the expressions simultaneously, it is possible to evaluate

the trophic preferences of selected speciess The numerical

values of FR and PR that are required to judge a species as

an indicator of trophic state cannot be stated explicitly.

The assessment of indicator value is based on combined estimates

of both measures in each of the types. Species with FR and PR

< 0.50, however, would appear to have little value as indicators.
The taxa utilized in these studies are set out in Table 57.

- The total number of occurrences of each taxon in the 68 lakes
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is given along with its huﬁber of 6ccurrences in each of the
lake types. Few comparisons will be made with the résults of
other investigators, primarily because of ﬁhe'difficulties

discussed aboves A number of general comparisons, however,

can be drawn between diatom indicators and the findings of

previous studies in Minnesota lakese

Chlorophyta
The chldrophyte flora, exclusive of the deémids, is

represented by 62 taxa. Four of the species are nearly

"cosmopolitan in their distribution, occurring in at'least_

LO lakes (Botryococcus braunii Kutz., Dictyosphaerium pulchellum

-Wood, Pediaétrum boryanum (Turp.) Menegh., and P. duplex Meyen).

- Each of these taxa exhibitslrelatively high FR values (> 0.60) .

in two or more types; however, PR values are < 0,50, Thesé
. . :

. species cannot be judged as Baving‘indicator value.

Forty of thé taxa occur infreqﬁently (<.10voccurrences)o
An examiﬁétidn of Table 57 reveals that, althbugh many of these
spécies have high PR values (> 0.60) in a particular lake
grouping, they aiso exhibit relativély,high PR values in at |
least one of the other types. In all cases, howe&er, FR values

are low, Moét of these taxa appear to be of little actual or

~ potential value as indicators of trophy.

There are only five chlorophytes that appear to exhibit
some degree of trophic preference. One species occurs primarily

in the oligotréphié lakes, but it is present in less than
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one-~half of them:
' _ FR PR
Asterococcus limneticus Smith 0.39 0.78

Three taxa in the Type 2 lakes have values of FR and PR that

suggest a preference for mestrophic to eutrophic conditionss

FR PR
Ankistrodesmus falcatus (Corda) Ralfs 0.50 0650
Qocystis lacustris Chodat 0.8 0461
Pediastrum simplex (Meyen) iemm. 0;50 0,60

In addition, Nephrocytium agardhianum Ngg. (FR = 0.29, PR = 0.64)
exhibits a high PR‘vélue, but it occurs in less than one~half
of the lakes. S

On the basis of the present obsefvations, nohe of the
chlorophytes can be judged as exhibiﬂing a pronounced frOphic :
preferences The five species that havé moderately high PR
~ values in Types 1 6r 2 also have low FR Qalues. Further
observations would be necessiry to evaluate the trophic

preferences of these specieso,

Desmids
The desmid flora is represented by 55 taxa. In contrast
with the other chlorophytes, few species in this group were

recorded in more than 30 lakes., Staurastrum chaetoceros

. (Schrod.) G« M. Smith; Se cingulum (West gE_West) Go M. Smith,
and S. pingue Teil. have the widest distributions, occurring
in all of the types. Over one-half of the species, however,

are markedly réstrictcd in their distribution. They occur



in fewer than 10 lakese.

The desmid flora dées coﬁtain species that exhibit
prohduﬁced trophic breferences, especiallylin Types 1 and 2.
In addition, several faxa in these two trophip categories
appear to have potential indicator value. |

Thére are six planktonic species that can be regarded‘
as indicators that are nearly unique to the oligotrophic
lakes. They all yield FR ﬁalues that afe )rOQSO and PR estimates
that are > 0.69: | |

v _ . FR - PR
Cosmarium contractum Kirche ' 0.50 0.75

Spondylosium planum (Wolle) West et West 0.61  0.92

Staurastrum longipes (Nordst.) Teiling ~ 0.50  0.74

~ Staurodesmus cuspidatus (de Breb.) | 0.61 0.69
Se curvatus (West) Thunme 0467 0.86
S. megacanthus (Lund) Thunme 0650 0490

Several additional taxarare Jjudged here as potential
indicators of oligotfophyo Four of them occur exclusively
but with relatively lower frequency in Type 1.

FR PR -

‘ ‘Staurastrum arctiscon (Ehrﬁg.) Lund 0.22 1;Ov‘
i Se pentacerum (Wolle) Ge Mo Smith 0.45 1.0
Xanthidium antilopeum (de Breb.) Kitz 0633 1.0
‘ X. subhastiferum West | - 0633 1.0

Three species are distributed in Types 1 and 2, but they

exhibit very high PR values in the oligotrophic lakes:
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FR PR
Staurastrum avicula de Brebs 0028 0.71
Cosmarium depressium (Nage.) Lund . 0.60  0.83

Staurodesmus subtriangulus (West et West) 045 0.89
Teil.

A number of species occurs with relatively high FR and
PR values in the mesotrophic to eutrophic lakes in central
Minnesota. Although some of them also occur in Types 1, 3, or

L, they are judged here as moderately good indicators of Type 2

lakes: .
. : . ‘ FR' PR
Closterium aciculare West et West 0.50 0.71
C. seutun ve yariabile de Breb. 0s50 0486
. Se chaetoceras . o 0.75 0460
S. pingue ' - 0.79 0e5kL
Se planctonicum Teil. 0.50 0.60

Y
L .
Two additional taxa appear to have some value as potential

indicators. They occur in the other lake groupings, but they

exhibit relatively high PR values in Type: 2:

| FR PR
Staurastrum contortum Ge. Ms Smith 0.37 0.53
S. leptocladum Nordste - o 0.33  0.73

The present observations suggest that there are no indicators
of the saline, eutrophic conditions in the prairie, nor are

~ there indicators of the small group of highly saline; hypereutrophic

lakess S. chaetoceras, S. contortum, and S. pingue occur in
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Type 3, but all of the PR values are < 0.40. S. cingulum

(West et West) Go Mo Smith exhibits a FR value of 0.39 and a

PR value of 0,57; however, it also occurs in Typeé 1 and 2,
These four taxa appareﬁtly are tolerant of relativel& high
states of eutrophy and of high salinity ievels as we?l.
'
- Cyanophyta |
The cyahophyté fiora is composed of 39 ﬁaxa. Six of the
species are widespread in.their distribution, occurring in

at least 30 of the lakes (Aphanizomenon flos-aquae Ralfs,

Anabaena flos-acuae (Lyngb.) de Brebe; Chroococcus limneticus

" of oligotrophy in this regions

Lemm., Coelosphaerium naegelianum Unger, Gomphosphaeria

lacustris Chodat, Microcystis aeruginosa (Kutz.) Elenlkin),

Most of thesé taxa are found iﬁ all of the lake groups; however,
two of them do have value as trophic indicators (see below)e
Nearly one-half of the speci®s occur in fewer than 10 lakes.
The cyanophyﬁe flora does conﬁain séverai taxa that are
either reasonaply good indicators of a specific lake grdup
or appear to have some value as indicatoréo
There is'ohly'one species that can be judged as an indicator
FR PR
Aphanocapsa elachista Weétlgg West 0467 0.71

This species is found in Type 2 lakes, but it is limited in
its occurrence to those of low salinity. Two additional taxa

exhibit relatively low FR values, but they may be considered as
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potential indicators of Type 1 lakes,

FR PR
Rhabdoderma lineare Schme et Laute T 0.36  0.83
Aphanothece nidulans Richter Ok 0462

- The occurrence of these taxa in Type 2 lakes is limited primarily

l. .
to those that are of low salinitye I

Three species are judged here as primary indicators of the
mesotrophic to eutrophic lakess Although each of them occurs
in the other lake groupings they all exhibit relatively ﬁigh

FR and PR values in Type 2.

FR PR
Anabaena spiroides v. c¢rassa Lemme 083 0,77
Chroococcus disversus (Keissle.) Lemmo 067 0.62
Gomphosphaeria lacustris 0.71 0.53

In addition to these species, two cyanophytes have relatively

high values of FR and FR and can be regarded as potential

indicators of Typé 2. -

' FR FR
Anabaena flos-aquae © 0675 0453
Lyngbya birgei G. Mo Smith f 0.58 0461

The present observations suggest that there are no species

that can be judged as good indicators of Type 3 or Type L.

One taxon, however, does exhibit relatively high PR value in

Type 3, and it is also found in two of the five hypereutrophic -

lakes: | FR PR
Lyngbya contorta Lemms ' 0.2, 0063
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This species apparently tolefates high degrees of trophy and
high salinity levels as welle It is markedly limiteé in its
| distribution,.occurring only in the prairie lakes (N;'So 1,

2, 18, 30, 35, bk, 50, 67).

%
|
Chrysophyta -

Chrysophytes ' 3 ' o

The chrysophyte flora is represented’by 18 taxa. Only
four species occur in more than 20 lakes, whereas seven taxa
are found in less than 10 of the samplese ‘Aﬁ examination of
-Table_57 indicates that most of the occurrences of these species
is limited to the Type 1 and Typé 2 lake groupings. Several
chrysophytes exhibit marked trophic preferences or cén be
"regarded as potential indicatbrs of trophye. _Most of them
are limited to Type 1 lakess | |
| There are five taxa thg} are unique or near—uniéue
indicators of oligotrophy;‘ Each of the‘spécies exhibits FR

values > 0,50 and preference estimates > 0080,

_ ‘ _ -FR " PR
Chrysocapsa planctonica (West et West) 0.61 0492
Pasche ' _
Chrysosphaerella longispina Laut. em 0650 0.90
Xorshe ‘
Dinobryon bavaricum Imhof 0,78 0.82

Stichogloea doederleinii (Schmidle) Wille 0478  0.78

Synura uvella Ehrbg. em Korsh. 0.61. 0485
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Each of thése taxa also occurs in the mesotrophic to eutrophic
- lakes; not. one of them, however, occurs more than foér times
iﬁ the Type 2 groupinge. . | |

Three additional taxa may be judged as potential.indicators
of oligotrophys Each of them exhibits felatively hfgh PR
" values in Type 1, but they either occur in Type 2 l;kes w1th
relatlvely higher FR values than the above spec1es or they

have lower FR estimates in the ollgotrophlc lakese

. FR PR
Dinobryon divergens Imhof : 0.78 0,61
Dinobryon sertularia Ehrbge 0639 0.78
~ Dinobryon cylindricum Imhof 0.56 06,56

There are no species that exhibit marked trophic preferences
in Types 2, 3, or L. The only taxon that can be regarded as
a potential indicator of the mesotrophic to eutrophic lakes

is Mallomonas tonsurata Teils (FR: 0454, PRz 0.54). The

species also occurs in Types 1 and'B, bu£ with extremely low

FR and PR valuese

Diatoms

| The diatom flora is represented by 27 taxa. The most
abundant taxa in each of the study lakes are listed in Table 224
Four species are nearly cosmépolitan in their distribution,v

occurring in more than 40 lakes (Melosira granulata (Ehr.)

Ralfs, Stephanodiscus niagarae Ehrs., Fragilaria crotonensis
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| Kitton, Asterionella formdsa’Hassall).v These spéciGS‘occur

with relatively high.FR values in most of the lake groups,
and therefore have iittle value as indicators of sbecific
trophic types (cfo Téble 58)s Only six taxa are limited in
their distribution, occurfing in <10 lékeé. |
o Severai planktonic_diatbms exhibit é;fkéd préferences 7
for the trophic conditions of Type 1 and Type 3 lakes, and a
number of taxa éan be judged aé having some degree of indicator
value in the 1aké'groupiﬁgs§ | |
vao téxa can be judged as good indicators of oligotrophy
in this fegioﬁol | ' ”
‘ | | FR PR
Cyclotella comta (Ehr.) Kiitze | 0,61 0665

Tabellaria flocculosa ve flocculosa Knude 095 0659

Both of these species oﬁcﬁr in Typéé 2 and 3; however, their
FR and PR values in eéch'q§§$he groups are éxtremely lowe .Two
other species exhibit combined values of FR and PR that suggeét
a preference for oligotrophic conditionse

FR PR

Melosira distans (Ehre) Kitze 0439 1.0
Cyclotella stelligera Cle v Grune 0.61 0.5

Although M. distans exhibits a low FR value, it is found exclusively -
in Type l. The occurrence of C. stelligera in Types 2 and 3 is

due largely to its variety'g. stelligera ve tenuise. Consequently,

C. stelligera is‘limited almoét exclusively in its distribution

to the oligotrophic lakes.
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The present observations reveal that there are no species

that can be‘judged as good indicators of the mesotrobhic to

euﬁrophic lakes of central Minnesota. Two taxa do occur.with

]
moderately high PR values in Type 2; however, FR estimates

are relatively low and the species are aiso found in{Type 3

—tn

lakes. ’
FR | PR
Fragilaria capucina Desmaze . Oek2 0.56
F. capucina ve. mesolenta (Rabh.) Grunow Oeh2 0459

The species may be ﬁotential indicators of Type 2, but apparently
they are tolerant of high degrees of eutrophy and salinity
as well.
There are two species that can be judgedvas moderately
‘good indicators of the eutrophic, saline prairie'lakes. Both
of them occur in at least one of the other types; however,

they exhibit relatively'higanR valuese.

| | FR FR
Cyclotella striata .(Kutze) Grun. O3 0475
C. meneghiniana Kutze - 0.53 . 085

The only diatom that exhibits a preference for the group

of highly saline, hypereutrophic lékes is Chgetoceros muclléri
‘Lemm. (FR: 0.60, PR: 0460). The distribution of this species
appears to be limited to lakes of high salinity. It is also
found in two of the Type 3 lakes (Mineral No. 4/ and Waubay

Nos 67), both of which have high COND levels (Table 13).
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It is instructive to compare the distribution and relative

trophic preferences of selected diatom taxa (Table 58) with the

studies of Brigh£ (1968 and unpublished),; Bradbury and Megafd'

- (1972), and Bradbury and Waddington (l973)- Bright's investigations

on the regional distribution patterns of planktonic diatoms

——

have shown'thatvcertain taxé are widely distributed throughout

. the region, whereas others are limited in their occurrence to

unpolluted or to enriched lakes. Similarly, stratigfaphic
investigations by Bradbury on Shagawa Lake (No. 55) have

documented changes in species composition of diatom communities

" that can be related to past nutrient conditions in the lake.

Bright's obscrvations indicate that C. comta occurs with

. highést frequency in unpoiluted lakes. Its distribution is

confinéd primarilj'to the oligotrophic lakes and to other lakes
in northern Minnesota fhat are low in nutrientso ‘Mo granulata,
A. formosa, énd Se niagaraé re widély distributed, but they
occur most frequently in mesotrophic énd especially in eutrophic
lakess The distribution of M. ambigua is intermediate between
that of C. SQEEQ and M. granulata. The species tendsto occur
with highest ffequency in the mesotrophic lakes of northern

and central Minnesotéo

The stratigraphic analysis of diatom succession in Shagawa

~Lake demonstrates that, prior to nutrient enrichment, the community

is characterized by C. comta. Commensurate with sustained

increases in nutrient level, the relative percentages of




Grun., and S. hantzschii ve pusilla (Grun.) Kriegers
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F. crotonensis, F. capucina, Me ambigua, M. granulata, and A.

- formosa increase dramatically. The diatom community in the

surficial sediments, representing the present condition of a

high state of eutrophy, is characterized by Stephanodiscus

minutulus, A. formosa, Fo crotonensis, F. capucina, S. hantzschii

The findings of the present study (Table 58) are in general

agreement with those of Bright and Bradbury. C. comta is a

vpredominant component of diatom communities in the oligotrophic

lakes, and it occurs infrequently in lakes of higher trophic
status. The distribution of M. ambigua is, in fact, intermediate

between that of C. comta and M. granulata. It occurs in the

-oligotrophic lakes and exhibits a maximum PR value in the

mesotrophic to eutrophic lakes, and its FR and PR values are

lower in the Type 3 lakeso Fo caoucina, F. capucina v. mesolepta,
u \b ‘ .
F. crotonensis, M. granulata, S. astrea v. minutula (Kutz.)

Grun. (taxonomic equivalent of S. minutulus), and S hantzschii

‘Grun. exhibit higher PR values in Types 2 and 3 than in Type 1.

The relative trophic preferences of some of the more widely

distributed diatoms are reflected almost exactly in the historical

sequence of species succession in Shagawa Lake. Despite the

obvious parallels among these three investigations, however,

' species such as A. formosa, Fe capucina, F. capucina v. mesolepta,

Fe crotonensis, M. ambigua, M. granulata, and S. astrea v.

minutula cannot be judged as indicators of specific trophic

' states. They exhibit a tolerance to a broad range of trophic

conditions, and collectively they ténd to overlap in their distributione.
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- Pyrrophyta/Euglenophyta
The pyrrophytes and euglenoids are represented by relatively.

few species. They are treated together here. The dinoflagellate

flora consists of seven species. Ceratium hirundinella (0.F.M.)

Schrank and Peridinium willie Huitfeld-Kaas are distributed

-

throughout the study region. Both taxa exhibit moderate to high
FR values in Types 1 and 2; however, their PR values in the lake
groupings never exceed 0.50. The only species that might be

regarded as a potential indicator isig. wisconsinense'Eddy.

It occurs almost exclusively iﬁ‘the oligotrophic lakes (PR = 0.86);
however, the FR value is very low.. | |

The euglenoid floré is repreSehted‘by six sﬁeciés, Each -
_of the taxa occurs infrequently (< 10 occurrences) and there

is no evidence of a species exhibiting a trophic preference.
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- CHAPTER VIII
SUMMARY ;
Lakes in Minnesota and eastern Horth Dakota and South Dalkota
exhibit a widg range of trophic conditions. This sgudy‘was
undertaken to 1) delineate patterns in phytoplankto& distribution,
‘to 2) investigate schemes of lake classification ba;ed on
chemical and biological criteria, and to 3) evaluaté properties |
of net phytoplankton, diatom assemblages, and whole-water
phytoplankton communities as indicators of thphic state in
lakes 6f Minnesbtao The results of the study are compared
with previous investigations in Minnesota and with observations
in other north»temperate regions.
Sixtjaeight lékes, fénging from unﬁroductive waters of
low salinity in northeastern Minnesota to highly saline,
productive lakes in the p{?%fie, were sampled during fall 1970
and 1971. Measurements of specific conductance, transparency,
and temperature were made on cach lake, and samples of.surface
water from seleqted lakes were ﬁéed to determine the concentration
.of major anions and cations., Phytoplankton samples were taken |
by plankton haul and by integrating a colum of water from the
euphotic zone of each lake. Semples of net phytoplankton were
used to coﬁpile a specles inventory and as source material
for a semi~quantitative analysis of diatom communities. ‘Whole-
water samples were examined quantitatively by the inverted

microscope techniques
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These data were used to compute algal expressions that

have been proposed as ihdicators of trophic state in norﬁh—
temperate lakes, Specifically, thelanalysis of netlphytoplankton
was used to calculate the total humber of téxa (s), ﬁhe.compound '
phytoplankton quotient (CPQ), and the ﬁﬁmbér of desmids (DESMID S).
‘The diatom analysis was utilized to compﬁzé the ratios of
Stockner (A/Cs), Hygaard (C/P), a number of "trial™ ratios;
and several indices of'community struciure.. Analyses of whole-
wafer samples‘were'used to derive estimates of the standing
crop of total phyioplénkton (sC), net phytoplankton (NET SC),
. and'na:mo'plankbonv (NAINO SC) and to calculate iﬁdices of |
community structure. The species diversity of diatom and
‘whole—water communities was computed By usingvMargalef’s index
‘(D), and Shannon-Weaver fuﬁction (H), the evenness comﬁonént
~of diversity (J),'and'tﬁe nunber of taxa.(S) in each samples

Thé investigation ﬁas‘éarried out by following a‘sequence
of integrated procedures, Inltlally, solected phj“lbal, chemlcal,
and blologlcal measurewents were used to define the range of
trqphlc conditions 1n»tne reglona These parameters serve as
a framework against which to investigate paﬁterns in the
regional diétfibutioﬁ of algal variables. Tﬁe resﬁlts of these
‘analyses‘are‘ihcbrporated partially into a series of studies
-.on lake classification and comparative lake~typologye Thevlake
ciusters‘identified in one of the classifiéation schemas were

utilized as lake types of dissimilar trophic state. They serve
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as a framework within which to assess algal variables and species
occurrence as indicators of trophic state. The salient
observations of theee sﬁudies are preeented here;

Regional Distribution of Phytoplankton. The regional

distribution of each algal expression was investigated by using

it as a dependent vafiable and perferminé‘;imple and multiple
correlation'analyses‘with gredient paraﬁeters'(GP)."The parameters
that were selected as definiﬁg the range of trophic conditions

are: - specific conductance (COND), alkalinity (ALK), a sumation

of calcium and magnesium {> Ca + Mg), secchi~disc transparency

(sDh), and the standlng crop of phytoplankton (sC). The values
in parentheses after each algal varlable are range and mean
estimates based on 68 lakes. | |

The net phytoplankton'exbressieh S;,CPQ, and DESMiD S
exhibit relatively large ranges in extreme values, and each
of them is significantly cofrelated with the gradient. S
(L - 79, R = 39) and DESMID S (0,96 - 1500, X = T.L) are high
in the northeastern laxes and decrease over the grqdlenta
CPQ is. lOJ in the noruheastern 1akes and increases in value

over the gradient. These observatlons are in general agreementA

with previous investigations in Minnesota and are in accord

with the general belief that each of the expressicns is

- sensitive to trophic conditions.

The diatom ratios A/Cs (0,002 = 142, X = 9,8), C/P

(0.038 f,2°339 X = O;h78),vand the "trial" ratios do not exhibit
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' significant correlations with most GP, and none of the multiple

correlation coefficients between the ratiés and GP»is

H gtatistically:significant. The relative abundancé éf the

Araphidineae (As), however, generally is high in th% northeastern

lakes and low in the prairie and exhibifs‘significaét correlations

- with most GP. Althoﬁgh diatom ratios may not réspond to the

gradient, As appears to be senéiiive to trophic conéitionsab
Estimates of total standing crop and thé'standing'crop

of net-~ and nannoplankton (individualé/ml) exhibit large ranges

in value, and they are significantly correlated with the

gradient. SC (89 - 4OL,0C0, X = 20,000) and NET SC (8 - 306,000,

X = 12,000) are lbw in tﬁe northeastern lakes aﬁd increase

‘over the gradient. MNAWNO SC (75 - 130,000, % = 8,000) tends

to increase with increasing nutrient conditions, but the

.correlations with GP are not so'pronbunced'és those with SC

and NANKO SCe The standing$crop of toﬁal phytéplankton and its

components are sensitive to trophié.conditioﬁs in this regions
Structural properties of diatom and of whole~water

communities do not respond to the gradiegt in ﬁhe same manner.

The indices D (0.48 - 1'0,8, X = 3.37), H (0,08 .-Les'z, % = 2.21),

" J (0,04 = 0,78, % = 0.05), and S (L4 ~ 73, X = 22.3) of diatom

assemblages are not correlated with the gradient; vApparently,

the diversity of diatoms is not sensitive to trophic conditionse

Each index of species diversity of whole~water communities,

however, exhibits significant correlations with most GP,
’ .
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| D (1.24 ~ 12:4y X = 5.56), H (0.81 ~ 4,62, X = 2,92), J (0.18 -
0.81, % = 0.58), and S (10 - 70, X = 34.3) generally are

high in the northeastern lakes and low in the‘prairie and
decrease in value over the gradient. D! H,‘and especially S
are sensitive to trophic conditions, Theif observations support
the general contention that species diversity of phytoplaﬁkton
comnunities is inversely éofrelated with increésing levels of
nutrient enrichment. |

Lake Classification. .The lakes were classified objectively

by performing cluster ana1y51s on the concentratlcns of major
solutes, on comblnatlons of eight trophlc-state 1nd1cators

" (TSI), and on suites of phytoplankion taxao The lake clusters
,forméd by the use of major solutes are gquraphicélly distinct.
They consist primarily of 1) lakés of low éalinity‘in northeastern
Minnesota, 2) lakes of 1ntermed1ate sallnlty in the central
region of the state, and 3} sallne lakes of the pralrleo A
small group of prairie lakes of high salinity was detected as

a residual cluster. The éalinity range occupied by each type
does not overlap substantially with other types, =2nd the mean -
salinity levels of the types are statistically dissimilar.

- Typological schemes based bn combinations of TSI generally
result in four major lake types, butb the size and composition
‘of the clusters differ from one another. The lake grouping

" formed by physical~chemical TSI (CGiD, ALK, S Ca + ¥g, and SD)
are similar to those established by major solubtes, but they

‘differ in their composition from the clusters generated by the
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biological TSI (Sc, CPQ, H, and S). The composition of the lake
types formed by all eight TSI are 1ntermed1ate bctween the
groupings formed by the physical-chemical ToI and thp olologlcal
TSI. The use of biological TSI as cla551f1catory varlaoleo
results in lake clusters wnose sallnlty ranges overlao and whose
‘mean salinity levels are not all statlstlcally d1531mllar.

The utilization of four suites of algal spec1e; as
classificatory variables results in three major lake groupihgso
The size and composition of the clusters formed by the diatoms
and the desmids vary substantially. The Salinify rangeé occupied
by the types overlap, and the mean sélinity levels of ihe
groups are not all statistically dissimilar. These results
‘are attributed to species that are nearly cosmopolitan in their
distribution and to taxa that occur in two ér more regibns.

The total plankton and the bluegreen flora result in lake
groupings that overlap in'%gzir Qélinity‘ranges, but the mean
salinity levels of each type are statistically dissimilar. |

Evaluation of Troohic—-State Indicators, The evaluation

‘of algal variables as indicators of trophic state in Minnesota
lakes was carried out by using the lake clusters based‘on major
solutes. Types 1, 2, 3; and 4 are regarded as oligotrophic,
mesotrophic to eutrouhic, saline—eutrophié, and "hypﬁ“euurophlc"
respecti&ely. The ecriteria that are Lsed to assess indicator
valuec are: 1) mean values that are significantly different
ahong the lake types, and 2) the bias introduced by variations

“in precision of estimation and by dependence upon samole size.
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Meaﬁ estimates of the net planktdn expressions S and DESMID S
are highest in the oligotrophic lakes and decrcase with increésing
trophic status of the lake grbupings. The average values are
stétistically dissimilar among all of the types. The variables
are judged as good indicators of trophy. Average estimates of
CPRQ increase observably with trophic stat;s of higher order,
but théy can be used only to distinguish between the oligotrophic
lakes and the mesotrophic to eutrophic lakes, The fange in
value and the mean estimates of CPQ inATypes_l aﬁd 2 are much
higher than in many of the oligotrophic and mesdtrophic tb

eutrophic lakes in Europes, It is suggested that these lake

‘types in Minnesota are of higher trophic status than those in

Europe.

' The mean values of the diatom ratios A/Cs, ¢/P, and the
ﬁtrial" ratios are oéservably but not statistically dissimiler
among the lake types. These observations, coupled with poor
precision and dependence of estimation on sample size, suggest
that diatom ratios have limited value as indicators of trophic -
state. The As ccmponent, howvever, ekﬁibits avcrqge‘values that
are high in the oligotrophic lakes, low'in tne prairie lakes;
and decrease prqgressively‘wiﬁh higher stabes ot tro?h*. The
component may serve as an indicator of £rophy in Minﬁeseta lakes,
The quantitativé estimaﬁés of SC,»NET“SCQ and {HANNO SC

exhibit observable differcnces among the lalke types, The mean

values of SC and NET SC are lowest in the oligotrophic lakes,
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highest in the hypereutrophic lakes, and increase progressively
with higher states of trophy. Both expressions are statistically
dissimilar among all of the types. They are considered as good
indicators of trophic status. Althouéh NANNO SC increases with
trophic state, none of the mean estimates among thé typés is
statistically dissimilar. The variable hég limited value as
an indicator.

The mean values of species di&ersity expressions in communities
of diatoms and phytoplankton exhibit obsefvable differences
among all of the types. None of the indices of diatom
assembiages exhibits a‘mean value that is statistically
dissimilar from another average estimate. Diatom diversity
apparently is not an indiéatdr of £rophic state in Minnesota
lakes. |

The structural propérties of whole-water phytoplankton
communities exhibit mean values among some types that are
statiétically different., Average estimates of D, H, and J can
be used to distinguish between the mesotrophic to eutrophic
lakes and the group of Saline, eutrophic prairie lakes. The
mean values of these indices are not dissimilar between the
oligotrophic and the mesotrophic to eutrophic lakess. These

indices are judged as having limited values as indicators of

| trophy. The average values of the related statistic S are 7

dissimilar among all of the lake groupings. It is considered
as the only index that can be used as an indicator of trophic

state in the region.
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Evaluation of Indicator Svecies. The compssition of the

net phytoplankton flora, consisting of 214 taxa, was examined
for species that are indicators of trophy. The value of a
taxon as an indicator was assessed by:freqﬁency and preference
compu’_cationso The Chlérococcalesy dinoflagellates, and
euglenoids contain few species that are iﬁAicators of trophy.
Desmids, bluegreens, chrysophytes, and diatoms contain taxa
that'are indicators of specific trdphic states,

The species Judged as primary indicators of oligotrophy

are: Cosmarium contractum, Spondylosium planum, Staurastrum

longines, Staurodesmus cuspidatus, S. curvatus, S. megacanthus,

Avhanocapsa elachista, Chrysocapsa planctonica, Chrysosphaerella

longisvina, Stichogloea doederleinii, Synura uvella, Cvclotella

comta, Tabellaria flocculosa ve flocculosa.

The taxa judged as primary indicators of the mesotrophic

to eutrophic lakes in central Minnesota are: 'plostérium

aciculare, C. acutum v. variabile, Staurastrum chaetoceras,

Se pinzue, S. planctonicum, Anabaena soiroides ve crassa,

Chroococcus dispersus, Gomphospheaeria lacustris, Mallomonas
tonsuratas. |

Two diatoms are the only taxa that can be judged as
indicators of the saline, eutrophic lakes in the prairie:

Cyclotella striata, C. meneghiniana.
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The chc:s of relative species abundance on the valua of H

(Shannon) in nine diatom snalyses. The species in each sample o

are ranked from most to least abundant, aad are anbrporatad

©  sequentially ioto the calculation of H, After the 10 to 15 moat

abundant species. in each‘sample are incorporated into the estimate,
addition of the 'rare' species in the sample contributes minimally
to the final value of H. The lakes in curves A through I and

thelr respective H values, sample size, and species number are:

Laka ) ) H - Sample Size Species
A School Grove 3.056 e &
»E Vermilion 3.267 - 629 27
C Alkan 2.9 - 570 a0
D Sal 2,403 599 22
E xinneuask. 1.926 514 29
¥ C_eorge ’ 2.197 512 14
G Fish - : | 0.960 560 1
H Upper Minnatonka ~ l.88 553 6
1. Dogfish . 1156 541 17
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Jdiscusalon. Lakes Pickerel (A), Spiritwood (B), and Salt (C). Dlatons. The effects of sample size (N) en replicated
Diacoms,

estinates of H (Shannon) diversity. Valuss of thc. index
are calculated at each cumulative 100-individual increment.
See text for discussiom. Lokes Pickerel (A), Spirttwood

(8), sad Salt (C).
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Fig. 22. VWhole—water cormunities. The effects of sample sfze (X) on’ o \ . o
the value of D (Margalef) diversity. Values of the index are Pig. 23. Whole-vater comminities. The effects of sample size (N) on the

calculated at each cunulative 100-individual incresent. See valus of Il (Shanaon) diversity. Values of the index are
text for discussion. Lakes Nokay (A), Ltasca (B), and calculated at ecach cumulative 100-individual f{ncrement. See
Minnetonka (C). . ) text for discusston. Lakes Elk, Grant Co. (A), Minnewaska (B),

aad Pickerel (C).
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Fig. 24. Yhole-water cormunities. The effects of sample size (5) on

replicated estimates of D (Margalef) diversity.

Values of

the fndex are calculated at each cunmulatfve 100-individual

increment. See text for discussion.
Vermilion (B), and Loon (C).

Lakes Shagawa (A),

Fig. 25.
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Whole—water communities.

; The effects of sample sfze (N) on
replicated cstimates of I (Shannon) divaersity. Valuss of
the index are calculated at each cumulative 100-individual

increment. .See text for discussion. Lakes Minnetonka (A),
Itasca (B), and Nokay (C).
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c ) FPig. 28, ) LT
A regtalltnn‘o! the compound pﬁytoplankton quotient (CPQ) °‘.1;310
specific conductance (COND) 1a umho éu"l at 25C for 63 study lakes
' in Minnesota. CPQ cu:iuafas:>10.0 are omitted from the graph sand
quogien:s vicﬁ a zero téfn in the denominator are plotted on the
'i x axis. See Table 19 for CPQ computations. The équition relating
CPQ to specific conductance 1s: y = 2.129(COND) - 0.471.
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Fig. 29.

A plot of Stoékn-t's diaton ratio (A/C.) versus log, specific
conductance in usho ca-l at 25C for 60 study lakes is Hinnesota.
Eight ratiocs D16.0 are omittad from the graph. Sce Table 23 for

Alc. computations.
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A piln: of Rygaard's dl;.ud- ntlp _(C/P versus 'ln;m specific ‘
conductance in umho em~* at 25C for 66 study lakes in Minoesots.
Two ratioé vith a zero tern in the numerator are onitted from
the graph. See Table 23 for C/P computations.
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Fig. 3. A plot of a modified version of Stockner's ratio (A/C ) versus log,, specific
conductance in umho cm™* at 25C for 63 study lakes in Mlonesota. nve ratios
with a zeto term in the numcrator ot denominator ave omitted from the graph.

Sce Table 23 for A/C‘ computations,
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Fig. 32,
A regression of phytoplankton standing crop (Algae J.ogm No./ml)
on laglo spacific conductanca (COND) in umho cm‘l at 25C for 68
study lakes in Minpesota. Three lokes >5.0 Algae loglo No./ml
are omitted from the graph. These lukes and their standing crops
as leglo estinates are Heron 5.278, Isabel 5.174, and Eckelson
5.606. The equation relating 10810 phytoplankton standing crop to
specific conductance fs: y = 0.263(COND) + 2.94.
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Fig. 33. A plot of net phytoplankten (NET) and nannoplankton (NANYO) standing crop as a

percentage of the total phytoplankton standing crop (individuals/ml) versus 10g10
specific conductance (COND) in umho em~l at 25C for 63 study lakes in

Hinnesota. Five lakes with COND D10% are omitted from the graph (Table 12),
These lakes and their perccntage values of HET and NANNO ave Alkall 3/97),
Alkaline (17/83), Eckelson (76/24), George (92/8), and Salt (3/97). .
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Fig. 34,

.
A plot of net ph.y:opla.nktou (NET) and nannoplankton (NANNO)
standing crop as a percentage of the total phytoplankton
standing crop (individuals/ml) versus phytoplankton standing
crop (Algoe loslo 2lo.lmi) for 64 study lakes in Minnesota.
Four lakes < 2.4 and >5.0 Algae logw No./ul are omitted

from the graph, These lakes and their perceatage values of

NET 8n;:l NANNQ and Algae log10 No./ml in parentheses are P ‘ ‘\._
Issbel 96/4 (5.174), Spiritwood 16/84 (1.949), Eckelson 76/24 . ’ \
(5.606), and Heron 32/68 (5.278). _ - \
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Pig. 35.

A plot of specles diversity D (Margalef) in diatom communities
~1

versus loglo specific conductance (COND) im uzho cm * at 25C {n

67 study lakes in Minnesota. One estimate of D (Lske Lillian -

10.82) 1is omitted from the graph.
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. ' Fig. 36.
A plot of spacies diversity H (Shannon) in bits per cell in
diatom communities versus log10 specific conductance in umho
en! ac 25¢ 1n 68 study lakes fn Minnesota.
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Fig. 37.

A regresaion of species diveraity b (Margalef) in phytoplan;kr,an
communities on log), upsciffc conductanca (COND) fa umho ca™l
at 25C for 68 etudy lakes in Minnesota. Two estimates of D
(Lakes Big = 10.40 and Ball Club = 12.38) are omitted from the
graph, The' equation relating D to specific conductanca La:‘

y = -1.598(COND) + 9.60.
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Fig. 39.

A.regtassion of spacias divarsity H (Shanuen) in bita per
individual {n phytoplankton communities on 10810 specific
conductance (COND) for 68 study lakes in Min;euota. The
equation relating H to specific conductance {8t y = ~0.56

(COND) + 4.37.
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i Fig. 38.
!;
A regresaion ofispectea diversity D (Margalef) in phytoplankton
communities on standing crop of phytoplankton (Algae loglo Yo.ml)
| .
for 68 study lakes in Minnesota. Two estimates of D (Lakes Big =
10.40 and Balllciub = 12,38) arve omitted from the graph. The
equation tela:ing D to the standing crop of phytoplankton is:
y - 1.1.76(A1g,aej1ogm Mo./ml) + 10.8.
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Fig. 40.

A vegression of species diversity H (Shannon) in bita per
individual in phytoplankton communities on standing crop of
phytoplankton (Algae'loglo No./ml) fox" 68 study lakes In
Minnesota. Tll:a equatioﬁ relating H to the standing crop of

phytoplankton is: y = -0,503 (Algae logm No./ml)+ 4.766,
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I fig. 41,

. A dendrogram of the cluster analysis performed on chemical

dnt-'(concanttationa of major anions and cations) for 63
study lakes in Minnesota, See text for diascuseion and Tabla

42 (Run 3) for results, .




Fig, 42,

The salinity ranges and mean salinity lavels (vertical lines)
occupied by each of the major lake type; datected {n cluster
analysis on 63 study lakes ip Minnesota: HAJOR SOLUTES (the
coucentration of ?.majo; fons); TSI (4 PHYSICAL~CUEMICAL
Indicators), indicated as TSI (4 CHEMICAL) ~ specific
conductance, :Ecalcium + magnesium, total alkalinity, and
secchi-~disc transpareacy); TSI (4 BIOLOGIC —~ H diverstry,
standing crop of phycaplankton, compound phytoplankton quotisnt.
and the number of net phytsplanktoa taxa); TSI (CUEMICAL +
BIOLOGIC -~ the 8 phfsical, chemfcal, and'biologic 1udlcators);
See text for discussion and Table 42 (Run 3) and Table 44

(Runs 1, 7, and 8) for resultes.

Fig. 43,

The ealinity ranges and mean ualininz levels (vertical linas)
_occupied by each of the major lake types datected {n cluster
analysis on suites of phytoplankton taxa 1n 68 study lakes 1n
Minnesota: . DIATOMS (25 ;peciea), DESMIDS (39 species), BLUE
GREENS (29 sﬁecles) and NET PHYTOPLANKTON (167 species)., See

text for discussion and Table 47 for results,
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STABLE 1. The locatfon ¢ tha lpkea by State, County, and {dentiffcation nuaber,

8ce text for atscusefon.

Ko, Lake Stated County? ene, ¥o.)

1. Albert L Fingebury . ’e

1. Alkald L} Otter Tall -

3. Alksline x Kiddor -

4, Ball Clud . 4 Itaaca BOL4AS

5. Benton L Liacoln . 4143

. Big L3 8t. louts 69-50

7. Big Xandiyohi H Kand{yoht 34-86

8. Big Stone X Big Stone 6-152

18 Buruteide A St, Louta 69-116

10. Cernan Bny’ x Hennepin - 31-13)

11, Christnas M Rennepia 27-137

12. Clear " Le Susur 40-79

13, Clearvater " Cook . 16-139

14, Crace ] $c. louts . 69-616

15, Dead Coon x Liucoln 41-21

16, Dening | Clearvster €1605 -

17.- Dogf{sh X Be, Louls 69-338

18, Zckelgon ] Barnes - -

19, ik x - Clearvater 15-30

10, Elk % Crant . 26-47

al. ek 6 n Cottoavood 32-18

22. lunct’ X Le Sueur 40-57

23. George 4 Kidder . --

24, Cladstone K Crow Wing 18-338

25. Coose " Cass ’ 11-298

26. Creen . X laanet - 30-136

7. Ralsted Bay? " Beanepin -, 274133

28, Heron 4 Jackson 32-37

29. Iron | § t Cook o ‘16~328

30. Isabel 4 . Kidder L --

3. ltasca . Cleatwater 15~16

32, Josephine " Clenzvater - -

33. Kinbdall " Cook 16-43

M, Lacb N St. Loute . 69-341

8. . Lilltan " Kand{yoht 34-12

3. Little Pine 4 Otter Tafl 36-142

37. Long n Clearvater 15-50

38, Long " Burleigh - -

39. Loon L Cook 16-448

40. Lover Red Lake L] Baltramt 4-33

41, Madtvon 8 Lake T e

42, Mcander .4 St, Loufe 69-329

43, Mille Lacs L] Hille Lacs . 48-2

o, Mincral® " Otter Tatl -~ -

45, Kinnewanks | Pape 61-130 -

46, Mitchall H Banson - -

47, Moose n Itascs ‘ €0607

48, ¥ud X Marehall 45-2°

49. Nokay ] Crow Wing 18-104

30. Pickeral H Dav - -

s1. Sailia X Becker 3-339

$2, Ss1ef X Lac Qui Perle - 220

33, Sanborn ] Barnes - -

34, School Crove .4 Lyon 42-2

3s. ~=~~  Shagawa .4 St. louis 69-69

6. " Shetek X Rurray 3146

s7. Spectacle d Isanct 30-135

s8. Spiritwood ] Stutsman -

9. Stinking X Becker CL604

€0, Supertor! X Cook . 16-1

61, Tansger Bays o Hennepin T 21-14)

2. Thitet X Karshall 45-1

€3, Traversa X Traverse 18-25

6. Trout EI Cook 16-49

¢s. Upper Minnetonkad M Bennepin 27-133

66, Vernilion N St. Louts 69-318

67, Waubay 3 Day -

68, ¥ileon N Lake 36-47

1 M (Minnesota), N(North Dakota), § (South Dakota).

2 Lakes {n Minncsots arve listed vith county and tdent{fication number; thosa in North
Dakota sad Svuth Dakote have » county liscing onlv, Locatfon of the lakes in these
states may be found by fefercnce to a state road map.

3 ldentificacion rucber as listed fn (1) An_lInventory of Minnezota tskes, Minnesota

" Departament of Conservation, Division of Watera, Lolls, Mincrals. Bulletin %No. 25,
1968, Identification numbers preceded by a letter have Leen taken frox (2) Cuide to X
Fun_4n Mianesota, Clarkson Map €o., Kaukauna, Wisconsin (available throuph State of "
Minnesota, Locuzents Section, 140 Centennial Butlding, St. Paul, Mirnesots 35101),

‘4 Lakes Alkalt and Mineral are located just off Route 39, two and three oiles respectively,
northvest of Ten M{la Laka,

3 Bays of the Lake Minnetonka conplex, Hennepia County,

¢ Listed as Lake Francea tn publicatfons cited fn § above,

! Called Salt Lake by local populace, located in Salt Lake Park.

s Josephine fa located fn ltanca 5State Park, Closrvatar Covaty,

¥ gale Laka, sftuated on the Minnegota = South Dakots border, ie soproximately four
oiles southwest of Marietts, Hinnesota., See {(2) in Note 3,

10

Corhan's cheatcal enalysie listed for Cook County, Algal esaples taken at Silver
Bay, Lake County {ret placcton), and at spproxinately 15 miles Cue scuth of Silver
Bay {quaniitative sample),




Table 2. Precision of A/C_ (Stockner) estimation. Each of the three values for nine lskes is an
independent ratio estimate from the same sample. Mean x, standard deviation s, and
coefficient of variation C,V. See text for sample sizes and discussion.

Lake A/C, Estimates x 8 c.v.

Trout 109.000 89.000 46.000 81.333 32.194 39.59
_ Burntaide 14.300 12.700 11.900 12.960 1.000 7.72
Shagawa 1.170 1.300 1.690 1.387 0.2711 19.54
Sallie 1.920 1.780 0.820 " 1.507 0.599 39.74
Itasca 0.730 0.680 0.420 0.610 - 0.166 . 27.28
Salt 2500 . 3.340 2.480 2.7 0.662 23.85
Spiritwood 0.3 0.038 0.010 0.026 0.014 55.20
Pickercl  1.600 1.600 1.620 1.607 0.012 0.762
£l ! 27.600 16.200 4.280 16,027 11.661 72.76

1 1tasca State Park, Clearwater County.

Table 3. Precision of A/C_ estimation. Bach of the three values for nine lakes is an independent
ratio estinmate from the same sample. Mean x, standard deviation s, and coefficient of
variation C.V. See text for sample sizes and discussion.

~ lake : A/C; Estimates x s c.v.
Trout 0.750 3,000 0.600 1.450 1.344 92.72

' Burntside 0.556 0.857 0.570 0.661 0.170 " - 25.69
Shagava 1,500 0.833 0.750 1.028 0.411 40,01
Sallie ) ‘1.800 . 1,800 3.500 2.367 0.982 81.47 . : |
Itasca ' 0.833 0.667 - 0,710 0.737 0.086 11.67 '
Salt 1.330 1,000. . 4.000 ’ . 2,110 1.645 11.97. |
Spiritwood 2,330 1.667 1.670  1.889 © 0.382 20.22 /
Pickerel 1.000 0.800 ‘ 1.000 0.933 0.116 12.38 . //
Elk 1 1.000 1.250 0.370 . 0,873 O.QSA © 51,93 ’
1 Itasca State Park, Clearwater County. N

Table 4. Precision of C/P (Nygaard) estimation. Each of the three values for nine lakes is an
- independent ratio estimate from the same sample. Mean x, standard deviaticn s, and
coefficient of variation C. V, See text for sample sizes and discussion.

Lake ‘ C/P Estimates % 8 c.v.
Trout 0.571 0.125 1.000 0.565 0.437 77.39
Buratside 0.346 0.292 0.640 0.426 0.187 43,95
Shagava 0.571 0.857 0.670 0.699 0.145 20.75
Sallie 0.192 0.200 0.140 0.177 . 0.033 18.35
Itasca 0.375 0.857 0.640 0.624 . 0.241 38.63
Salt ' 0.158 0.105 0.050 0.104 0054 51.50
Spiritwood 0.150 0.158 0.180 0.163 © 0.014 8.91
Plckerel 0.750 0.556 - 0.500 0.602 L ooan 21.79
eix 1 0.750 0.800 1.140 0.897 0.212 2.3

1 ytasca State Park, Clenrwater County,



Table 3. Precision of ‘l“ﬂ\“titntive estimation., Both values for each of eight lakes are independent
estinates of the nuxber of individuals per ml, Mean X, per cent deviation sbout ue:'xn
X # %, end cceffictent ef variatiea C. V.
Lake Estimates (No./ml) x x+1 c.v.
Loon 2346 2145 2247 + 10% 4.5 6.3
Nokay 4004 5182 4592 + 589 12.8 18.1
Vermilion v6359 5094 5726 + 632 11.0 13.6
Shagawa 4290 5008 4649 + 359 2.7 10.9
 School Grove : 817 1302 . 1360 + 57 4.2 | 5.9
Long 1 3160 3198 9 19 0.6 0.8
Halsted 2 . 4300 3936 4118 + 182 4.4 6.2
Carman 2 4625 o anm 4673 + 48 " 1.0 1.4

1 Itasca State Park, Clearwater County.

2 Bays_ in the Lake Minnetonka Complex, Hennepin County.

Table 6. A numerical comparison between estimates of H (Shannon) and D (Maxgalef)
in three data sets. See text for discussion.

No. Paired
. Data . Observations N t~value
Hypothetical Population 1 0 0.945 2,627
platon Diversity 68 0.893  5.267+%
Algal Diveraity 3 ‘ 66 " 0.730 33,344

: H' = H max, tange 2 (20 individuals) to 60 species (600 individuals)

2 Hinnesota lakes, 68 paired observations
3 Minnesota lakes, 68 paired observations

#*% significance at p = 0,01

N W
Diatoms. Precisfon of D (Margalef) diversity estimation, Each of the_three values for

Tavle 7. The nine lakes is an independent estimate from the same sample, Mean x, standard
deviation s, and coefficieut of variation C,V. See texc for sample sizes and discussion,

Lake D Diversity Estimatea x s c.V.
Elk 1 - 01965 1.287 ‘ - L.303 1.185 0.192 16.17
Sallie ’6.827 4,982 4,899 4,903 0.073 1;69
Sale 3.379 3,218 3.284 ©3.293 0.080 2.43
Itasca 3.319 1.931 2.682 . 2,664 . 0.724 27.12
Shagawa 1.609 1,931 1.881 1.807 0.141 7.81
Trout 1.609 1.287 1.616 1.437 0.162 11.26
Bumtsi.de ' 5.458 4,838 6.130 5.475 0.646 - 11.79
Pickerel 2.091 2,089 1,758 1.980 0.192 9.68
Spiricwood 3,540 3.379 2.993 3,304 0.281 8.50

1 Itasca State Park, Clearwater Countv.



Table 8, Diatoms. Prectsion of H (Shannon) diversity estimation. EPach of the three values
for the nine lakes fs an independent estimate from the same sample, Mean x, standard
deviation s, and coefficient of variation C.V. See text for sample sizes and discussion.

Lake K Diversity Estinates x s c.v;
p1x 1 S 0.514 " 0.382 0.472 0.456 0.066 14.55
sallte 3,38 3.369 3.337 3.363 0.022 0.65
salt 2.52 2,645 2.568 2:519  0.056 2.18
Itasca © 2,478 2.203 2.436 2.386 ~0.125 . 5.25
Shagava 1995 2,074 2.082 * 2,050 0.047 2.31
Trout 0.680  0.520 0.658 0.619 0.087 .01
Burntside . 1.864 1.558 1.815 1.746 0.163 9.32
Pickerel . 1,759 1.670 1.709 1713 0.044 2,55
Spirituood 113 1.403 1.343 1.386 0.037 2.6

;v Itanca State Park, Clearwater County,

\
Table 9. Whole-water coumunities. Precision of D (Margalef) diversity estication. Each of the
three values for the nine lakes {s an independent estimate from the same sample. Mean
x, standard deviation 8, and coefficient of variation C.V. See text for sample sizes
and discusston.

Lake S Diversity Estimates x s Cc.v. //
Loon 5.632 5.308 6.655 5.866 0.704 12,01

Pickerel 6.758 6.596 7.383 6912 0.415 6.0

Minnevaska 6.112 5.958 6.658 6.243 0.299 4.80

Bl ! o 4,506 3.219 B 4,632 4,119 0.790 19.19

Itasca 6.276  6.738 .7.093 6.709 0.410 6.11

Nokay 7.590 . 7.399 7.526 ©7.505 0.095 1.26

Minnetonka 2’ 3.379 2.893 3.619 3.297 0.369 11,94

Shagava 3.863 3.539 " 4,343 " 3.915 0.404 10.31

Vermilion 4.507 5.465 5.789 5.254 . 0.667 . 12,69

1 Craﬁt County é

H Upper Minnetonka Bay, Hennepin County
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Table 10.' Whole-water cormunities. Precision of H (Shannon) diversity estimation. Each of the

three values for the nine lakes ia an independent estimate frem the same sample.
x, standard deviation g, and coefficient of variation C.V,

and discussion.

Mean
See text for sample sizes

" Lake : B Divétéity Estimates x s ER2
Loon 3.25% 0 3.07 3.224 3.185 0.095 2,99
Pickerel a6k 4509 4,634 4.596 0.073 1.59
Minnevaska 3505 | 3.296 3.464 3.421 0.109 0.03
mk ! 2.948 2112 2.865 2.842 0.119 4.21
Itasca C3.908 3873 4.021 3.93 0.075 1.92
Nokay esr U 20 4301 ¢ 4.283 0.068 1.58
Minnetonka 2 2.266 | 2,427 2392 © 2,361 0.085 3.61
Shagava C san ' 3.458 3.507 3.479 0.024 0.69

! 3.851 3.818 0.025 0.67

Vermilion 3.800

3.802

Grant County
2

"y

Upper Mlunetonka Bay, llennepfn Coﬁnty

-
|

N

TABLE 11, Summsary values (range, mean X, median m, and standard deviation s) for the physical and

chemical measurements made on the etudy lakes in Minnesota,

atatistics are based on meq/l.

|

All {on concentrations and

Parameter Range x n s
Specific Conductance* 14-31,783 2036. 293, 5197.
Secchi Disc* 0,.5-40.0 6.48 5.0 6.44
-caleium 0.100-17.8 2.22 1.35 2.98
Magnesium 0.054-204, 1.8 1.42 23,0
Sodium 0.022-328 . 17.0 0.278 59.9
 Potasstum | 0.008-18.8 ' 0.897 0.240 3.07
Sulfate 0.029-209. 14.1 0.204 40.1
Chloride 0.001-120 3.18 0.076 16.1
Total Alkalinity(Cac0,) ©0.120-16.8 3.53 2.80 301
ICalcium + Magnesium 0.160-208. 14.0 2.92 33.9
Vater Temperature# 5.0-17.5 11.3 11.7 2.86.

* Sixty-eight observations:
of surface water, in C.

Specific conductance, wwmho e © at.25C; Secchi disc, in feet; temperature




TABLE 12. The date of sampling, secchi-disc transparency (in fect), specific conductance
(umho cm~l at 25C), and water temperature (ia C), and the depth of the thermocline
(in feet) in the 68 study lakes in Minnesota.

|
I

Lake : Specific Temperature(C)
No. Date Secchi i Conductance Surface Hypolinaion Thermocline
o - .
1 10-21-70 3.0 L 3160 10.5 -
2 10-13-70 2.0 | 8560 8.0 -~
3 9-12-71 1.0 i 11467 15.0 . -
4 9-27-70 11.0 f 198 13.8 -
s 10-22-70 2.0 P 889 10.1 -
6 9-27-70 11.0 f 20° 12.3 -
7 10-31-70 2.5 . 697 5.0 -
8 10-20-70 0.5 ; 1360 10.2 -
9 9-27-70 15.0 _ 20 12.5 --
10 10-24-70 6.0 - 295 12.1 7
11 10-31-70 6.0 ; 281 8.0 -
12 10-22-70 5.0 257 11.% 3 -
13 9-25-70 2.0 s 23 14.0 6.0 50
14 9-27-70 6.0 b 32 12.4 - -
15 10-22-70 1.3 & 815 16.3 -
A
16 9-28-70 5.0 i 51 . 13.0 3.6 - 18
17 9-19-70 6.5 i 14 17.0 . —
18 S9-12-11 0.5 31783 15.0 -
19 9-28-70 13.0 210 . 13.9 -
20 10-19-70 5 725 8.8 -
21 10-22-70 2.3 402 11.0 -
22 10-22-70 8.0 : 193 11.9 -
23 9-12-71 5.0 23428 15.0 -
24 9-29-70 9.0 ; 152 13.3 -
25 9-29-70 5.0 | 25 12.5 -
- f
26 10-3-70 7.0 | 186 13.7 -
27 10-24-70 6.0 | 291 12.0 1
28 10-22-70 2.0 537 . 12.0 .
29 9-25-70 4.0 720 . 13,1 -
30 9-12-71 1.0 2429 15.0 —
31 9-28-70 7.0 237 15.3 - -
32 10-16~70 ©os.0 53 7.0 4.8 28
33 9-25-70 12.0 19 14.0 -
34 9-19-71 6.5 | 37 16.0 -
3s 10-31-70 2.0 - 833 5.0 -~
36 10-19-70 4,0 mn 6.5 -
37 . 10-16-70 14.0 270 9.9 -
38 9-11-71 . 1.0 1196 14,0 -
39 9-25-70 .17.0 39 - 4.0 11.0 28
W 9-28-70 6.5 234 11.0 -
I3 10-21-70 2,0 1174 10.2 -
42 9-18-71 13.0 15 17.5 -
43 10-3-70 1.0 ‘183 9.0 -
. 44 10-19-70 2.0 3874 7.7 -—
45 10-19-70 7.0 655 9.3 -
46 9-9-71 3.0 666 14,0 N -
47 $-27-70 8.0 178 12.0 -
48 9-28-70 3.0 a47 10.0 .
49 9-29-70 6.0 182 13.5 -~
50 10-21-70 3.5 438 9.0 -
51 10-19-70 4.0 296 8.4 -
52 10-21-70 0.9 13767 9.0 —_
- 83 10-20-70 1.0 768 6.0 -
54 10-31-70 2.0 1751 5.0 -—
55 9-26-70 5.5 27 12.1 -
56 10-22-70 2.2 669 10.0 —
57 © 10-3-70 6.5 153 13.6 -
58 10-20-70 13.0 15711 9.0 -
59 10-19-70 1.5 970 7.5 —
60 9-26-70 %40.0 80 12.0 ?
51 10-29-70 5.0 436 10.0 1
62 9-28-70 3.0 307 10.0 -
53 10-20-70 C2.4 1008 10.0 -
64 © . 9-25-70 21.0 18 14.0 6.0 . 33
83 10-24-70 7.0 319 12.2 1
66 9-27-70 7.0 53 © 9.5, -
67 10-21-70 2.0 3392 10,1 -
68 9-26-70 10.0 28 11.3 -
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TABLE 13, A correlation matrix for the physical and chemical nmeasurerents, including etanding crop of algae
(individuals per =l), 1n the studv lakes in Minnesota. Caleiur (Ca), =mngresium (Mg), ecdiua (Na),
potassium (K), sulfate (50,), chioride (C1), and tczal alkalinity (CaC03) arc given in meq/l for €3
lakes. Specific conductanca (COND) 1n umho em~l at 25¢C, secchi-disc transparency in feat, and
standing crop of phytoplankton (Algae) are based on 68 lakes,

. . ~
o SRR SR T T
8 g ' 8 S b g % &
° ?

S £ z___ a8 3 8 3 5 s & 3 2
ca 1.000 206 .330 L1589  .549 426 430 316,521 .327  -.346 ,432  .125 ~.068
¥g : 1.000 .587 .562  .848 575 .660 .705 .590 .996 -.239 .421 440  .236
Na 1.000 .952  .704 .769 .330 .962 ,600 .601 -.215 .530 .S58  .256

‘ 13 1.000  ,535 .731  .317 .94 ,572 .S561 ~-.Z0Z .520 .632  .34Z
50, " 1.000 (634 .S50 .733  .625 .875 ~.255 .461 .31} 077
cL . 1000 .258 774 424 .597 - T0 .S94 VB> .265
v CaC0y ) 1.000 .469 .790 .681 -.419 .404 .254  .216
‘ COND : 1.000 = .676 .714 -,223 .S47 598  .253
| coxp 1 . AR 1.000 .621 -.510 .624 .396 398
| I Catig : . 1.000 ~.263 .448 .43% . 22%
| Secchi . 1.000 -,511 -.240 -.348
L Secchi 2 , o : 1,000 B35  .464
Algae ’ : . ' ’ 1.000 .672
| Algae 1 © 1.000
1 Log,, transformation of specific conductance and number of algav/ml.
2 1/seécchi disc value.
| . — Non-significance at P=0.05,  significance at P=0.05 but not at P=0.0l.
‘ , o



TABLE 14. A comparigon between specific conductance estimates of the present study and those of
previous investigations, The fipal estimate for each lake represents the mean of all

determinations.

All measurements are reported as pmho cm™ ~ at 25C.

Lake No. Present . Previous Final
No. Obs. Study Previous Studies Studiea(x) Value
1 1 3160 3160
2 2 8560 7392 7392 7976
3 1 11467 11467
4 2 198 248 248 223
5 ‘2 889 945 945 908
6 - 4 20 24 29 24 26 24
7 ] 697 823 717 700 747 734
8 2 . 1360 836 -836 1185
9 2 20 33 33 27

10 1 295 : 295

1 2 281 © 265 265 273

12 2 257 285 285 266

13 4 23 41 47 45 44 39

14 2 32 55 55 44

15 3 815 1141 780 719 880 854

16 2 51 57 57 - 54

17 1 14 14

18 1 31783 : 31783

19 2 o210 265 265 238

20 4 725 1131 1090 1059 1093 1001

21 4 402 m 334 360 355 374

22 2 193 232 232 206

23 1 23428 23428

24 4 152 162 159 150 157 156

25 2 .25 21 ' 21 23

2 3 186 206 . 247 227 213

27 1 291 291

28 2 537 1042 . 1042 705

29 4 20 36 - 3) 39 36 32

30 1 2429 ' . ] 2429

31 2 23 283 283 260

32 2 53 70 70 62

33 3 19 52 56 54 42

3% 1 7 37

35 1 833 833

36 2 271 310 310 291

37 1 270 273 273 272

38 1 1196 1196

39 3 39 37 41 39 39

40 2 234 282 282 258

41 2 1174 1627 1627 1701

42 1 15 , : 15

43 4 183 202 182 202 195 192

44 2 3874 3421 . 3421 3648

43 2 655 809 809 732

46 1 666 666

47 2 178 253 253 216

48 -2 447 1324 1324 886

49 2 182 - 238 238 210

' 50 3 438 422 435 . 429 433

51 2 296 360 360 328

s2 4 13767 17303 14080 11600 14328 14188

53 2 768 5565 5565 3167

S4 2 1751 1893 1893 1822

55 [ - 27 68 78 83 76 64

56 3 . 659 642 783 672 699 707

57 2 153 180 180 167

58 2 15711 2648 2648 9180

59 1 970 970

60 é 80 81 90 96 89 89

61 1 436 . . 636

62 2 307 1456 . 1456 881

63 [ 1008 1438 1165 1050 1218 1165

64 4 18 40 38 41 | 40 34

65 1 19 ! 319

66 2 53 69 69 61

67 2 3392 5385 5385 4389

68 4 28 46 42 46 45 41
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TABLE 15. The concentration of major solutes (in meq/1) 1in 63
N study lakes. Calcium (Ca), magnesium (Mg), sodium (Na),
potansium (KR), sulfate (504). chloride (Cl), and total
alkalinity (ChCOJ).
Lake |
No, Ca Mg | Na K 904 C1 C&C03
2 3.60 204, 0 - 26.4 0.570 188, 7.2? 13,6
3. 0.180 29.5 133, 8.70 35.0 0.068 4.50
4 1.72 0.944 . 0,131 0.035 0.138 0.017 2.63
5 4.75 4,85 0.696 0.410 7.26 0.423 2.95
| .
6 0.212 0.127 0.026 0.010 0.080 0.018 0.260
) 2,52 4.96 1,24 0.345 4,67 0.4%90 3.80
8 4,15 3.54° 1.58 0.229 5.59 0.373 3.48
9 0.185 0.054 0.046 0.017 0.092 0,002 0.214
10 1.35 1.32. 0,440 0.150 0.200 0.560 2,51
i
11 1.20 1.63 0.196 0.097 0.177 0.076 7 2.84
12 1.80 1.13, 0.151 0,144 0.492 0.072 2.60
13 0.200 0.144 0.041 0.015 0.124 0.005 0.293
14 0.358 0.174° 0.061" 0.017 0.156 0.019 0.432
‘15 6.36 7.04?' 0.991 0.380 10.3 0.340 3.76
16 0.344 0.173 0.030 0.029 0.070 0.024 0.470
17 0.100 0.058 - 0.026 0.008 0.029 0.076 0.169
18 6.15 146, 328, 18.8 7 135, 120. 9.00
19 1.65 1.38, 0.313 0.045 0.068 0.019 3.25
20 - 1,37 10.3; 1,25 . 0.767 ' 6.34 0.180 6.67
21 1.08 2,44 0.393 0.200 0.787 0.115 3.19
22 1.25 1.08  0.100 0.148 0.180 0.048 2.35
23 0.170  62.5 272, 14,0 79.2 0.082 8.0
24 1,20 0.534 0.161 0.026 0.060 0.C10 1,82
26 1.08 0.9?@ 0.134 0.029 0.141 0.028 2.07
27 1.35 1.32l 0.6440 0.150 0.200 0,560 2.51
28 2,69 2,88 1,38 - 0,148 2,96 1.30 2,65
29 0.186 0.12§ 0.037 0.010 . 0.134 0.003 0.235
30 0.100 10.1) 23.9 3.41 3.723 0,794 6.00
k)Y 1.39 1.82' 0,278 0,044 0.055 0.030 3.45
32 0.403 0.2%4 0.023 0.038 0.061 0,007 0.640
33 0.270° 0,195 0.077 0.013 0.101 0.016 0.449
34 0.390 0.192 0.065 0.020 0.042 0.031 0.570
36 - 1.86 1.69 0.192 0,052 0.124 0.034 3.44
37 1.29 1,80 0.163 0.044 0.065 0,025 3.21
38 0,465 2,46 8.78 0.545 1.58 0.268 6.00
39 0.270 120 0.040 0.008 0.140 0. 0.200
40 1.70 1.23 0.139 0.051 0.250-  0.006 2.80
41 7.2% 6.91 4.38 0.578 12.7 3.04 3.66
42 0.110 0,058 0.022 0.008 0.042  0.034 0.120
43 1.30 0.665 0,156 0.052 0.123 0.010 1.98
44 2,31 65.3 20.0 0.226 62.8 3.97 16.8
45 2.35 5.43 1.31 0.241 3.3 0.395 5.59
46 2,92 1.90 1,70 0,360 1.23 0.710 4.00
47 1.73 0.883 0.164 0.052 0.109 0.023 2.70
48 12,4 8.23 0.491 0.156 10.2 0.130 10.7
49 1.83 0.613 0.117 0.027 0.093 0.021 2.4
50 1,80 2.79 0.320 0.160 1.02 0.099 3.48
51 1.37 2,38 0.516 0.123 0.492 0.167 3.61
52 17.8 42,2 207, 3.81 209. 50.4 4,65
53 3.10 6.02 1.48 0.415 2.66 0.380 7.58
55 0.500 0.280 " 0.090 0.020 0.268 0. 0.460
56 4.69 3.90 0.895 0.219 5.62 0.689 3.37
57 0.956 0.760° 0.143 0.039 0.096 0.042 1,75
58 3.00 20.8 10.0 1,25 22,7 3.19 8.08
60 0.556 0.228 ° 0.05) 0.014 0.092 0.022 0.746
61 1.45 1,42 0.475 0.158 0.224 0.614 2,75
62 7.97 4.73 0.257 0.124 3.73 0.098 9.49
63 4,67 4.70 1.44 0.250 6.65 0.130 4,12
64 0.198 0,135 0.042 0.012 0.126 0.005 0.274
65. 1.35 1.32 - 0.435 0,148 0.204 0,564 2,51
66 0.477 0.140 0.071 0.014 0.186 0, 0,481
67 2.50 50.1 18,1 0.206 61.2 2,34, 1.72
68 0.250 0.147 0,06} 0.012 0.100 0.012 0.372

~



TABLE 16. A wultiple correlation eanalysis for the physical,
chemical, and biological measurement that are used
as gradient parameters {n 63 study lakes in Minnesota.
Total alkalinity (ALK) and calcium and magnesium
(ZCa + Mg) in meq/l, specific conductance (COKD) and
logy,, specific conductance (CoXD) in umho ex-l at 25¢C,
aeccﬂi—dlsc transparency (SD) in feet, and the
standing crop of phytoplankton (5C) in indfviduals/ml
were used alternatively as the dependent varfable,
"The significance of partial corrclation coefficients
is indicated for each of the independent variables.

Dependent " Independent Significance of R

Variable ;' Variable ' Pegression
;

Conp ALK, |- casmg** aa s mn -
coxp ALK, Catgh*, 1/SD* : *% . .76
COND ALK, 'Catig**, 1/SD, SCH *k .79
conn ALKX*, 1/SDk* * .86
COKD ALKAA . CaMg, 1/SD** L] .86
COND ALK*%, Ca4g, 1/SD#*, SC Rl . .86
ALR SD, CONDA# o . " .79
ALK Catifgh# ' SD, COND** .o 83
ALK CatMg##, SD, CONDA*, SC *k .84 &
CatMg ALKA% | CONDA* *k .82 :
Caiig ALK**, 1/SDA%, COND wh . .82
Cathig 'Au(lh, 1/5D, COND**, SC e T .82
sp ALK, | COND** "k P 3 |
SD ALX, | Catiig, CONDW* : L .52
SD . ALK, CatMg, COND*, SC " .56

© 1/Sb . ALK, CONDAx - wk o .65
1/sD ALK* | Ca+g, COND*% L) .66
1/sp ALK, CatMg, CONDK*, SCHx e .75

** Significance at P = 0,01,




TABLE 17. A list of symbols uscd for gradient parameters and
. phytoplankton and diatom variablea. Underlined ) .
expressfons in text and Tables represent & log 0 :
transformation of n gradient param.tcr or an algal
- varisble. The units of measurcmewt or the method of
' expression are given for each paraneter and varinble.

Sywbol Parameter or Variable

COoND Specific conductance in umho cn-l at 25¢ Ajct 'Modified version of Stockner's ratio (number of

ALX ) Toial alkalinity as CaCOJ in neq/l species of Araphidineae/number of species of

ICa + Mg - Summation of calcium and magnesium in meq/l ' Centrales) '

SD : Secchi-disc transparvency in feet l sC Standing crop 6! phytﬁplankton (estimate of the

GP A gradient paramcter (specific conductqnce.‘ average number of individuale/ml in the euphotic
secchi disc, £Ca + Mg, total alkalinity, or o zone of the lakes)

: . _ standing crop of phytoplankton) or any  NET se . Standing crop of net phytoplankton (estimate of
combination of these parameters in multiple : . the aﬁetage nusber of 1ndiv1duals/m1, 60 u or
regression and correlatioﬂ_analysis - S mére in greatest dimension, in the euphotic

S Number of species in net phytoplankton anulysia. o . ‘ zone of the lakes)

. dfatom analysis, or whole-water phytoplanktom ‘ NANNO 8C StsndiQa crop of nannoplinkton (estimate of the

analysis ‘ . ‘ ’ average number of_individuals/ml, 60 u or less

crQ ) v Nygaard's (1949) compound phytoplankton quotient in g;;ateat dimenston, in the euphotic zone of

PESMID § Number of desuid taxa ' S  thé lakes) |

A, Relative abundance of Araphidinese ' v H S Shannon's (1963) index of speci;s diversity in

c, Relative abundance of Centrales o » . bits/cells (diatoms) and bits/individual

AlCg Stockner's (1967, 1971) diatom ratio (abuniance ' '. ) (ph&toplunkton). See equation 3
of.As/nbunduncc of C.) ‘ D 1} Margalef's (1968) index of species dlvirsity.

C or cl Number of specics of Centrales - ‘ Sec equation 1 .

} 4 : Number of species of Pennales ' . . J ~ Evenness component of H diversity ( /1032 S)

c/e : Nygaard's (1949) distom ratio (number of npecie; . NETH  Spectes diversity (H Shannon) in éommuuities of
of Centrales/number.of species of Pennales5 B net phytoplankton

A or At Number of species of Araphidineae . NANNO H Species dlv;rsity ( 4 Shannou) in communities

of nannoplankton

TABLE 18, A suommary (range, mean ;, median m, and
standard deviation 's) of net phytoplankton
analysis in the 68 study lakes in Minnesota,

. Number of speccies (S), Nygaard's compound
¢ phytoplankton quotient (CPQ), and the number
of desmidsa (DESMID S).

Variable Range x 0 8
s 4-79 39.2 38 20.2
crq - 0.96-150 5.0 3.77 3.45

DESMID § 0-25 7.35 6.0 6.14 - ' -




TABLE 19. A summary of net phytoplankton analysis for each of the 68 study lakes in Minnesota. Number of
species (S), number of species in the numerator of the compound phytoplankton quotient.(CPQ
Numerator), number of desmids (DESMID S), Nypaard's compound phytoplankton quotient(CPQ), the
number of bluegreen taxa, and the number of specles of Chlorococcales.

Lake CPQ DESMID . . Bluegreen Chlorococcales

No . ' 3 Rumerator N CPQ* Taxa Taxa
1 34 28 3 8.33 7 8
2 21 9 0 9.00 4 2
3 10 9 0 9.00 4 3
4§ 68 a8 14 2.70 16 21
s 13 .10 0 10.0 2 2
6 78 3 25 1.24 9 18
7 20 14 3 4,67 "6 7
8 16 1 2 5.50 2 4
9 8 26 2 1.08 11 8
10 41 26 s 5.20 12 10
11 . 38 24 3 4,00 12 10
12 38 29 s S.80 12 14
13 S5 22 10 2,70 1n 10
14 59 31 10 3.10 12 10
15 14 13 1 13.0 3 2
16 37 24 1 . 4.80 10 6
17 Y] 14 7 2,00 7 2
18 15 13 1 13.0 6 : ' 4
19 69 36 1 3.27 15 13
20 3L 17 T8 2.83 ) 7
21 39 ' 26 6 4,33 12 10
22 56 34 10 3.40 16 1
23 4 3 0 3.00 2 1
24 48 .33 -8 6.60 10 16
25 72 39 16 2.46 10 21
26 40 27 7 3.86 9 12
27 32 23 3 7.67 9 8
28 36 - 30 2 15.0 s "16
29 .85 18 17 1.06 9 3
30 15 10 1 10.0 8 2
31 50 35 6 5.83 1 17 -
32 20 1 2 5.50 6 3
33 7 38 15 2.53 16 15
34 54 23 16 1.44 9 8
s - 29 20 3 6.67 4 7.
36 % ) 29 8 3.63 10 16
37 .28 . 1S 1 15.0 6 4
38 9 .7 0 7.00 2 0
39 60 22 23 0.960 14 ?
40 50 25 13 1.92 . 8 12
41 19 13 0 13.0 4 1
42 . 51 18 16 . 1.13 4 .6
43 70 41 14 2,93 11 ‘23
44 46 18 .2 9.00 6 4
45 60 38 12 3.7 14 18
46 17 : 1 1 11.0 3 2
47 58 36 5 7.20 14 16
48 45 28 8 3.50 7 12
49 65 39 .10 3.90 16 19
S0 39 20 10 2.00 8 8
51 46 .28 ‘9 .1 12 12
52 8 s 2 2.50 L2 2
53 13 10 3 3.33 .2 s
s4 10 8 1 8.00 2 0
5 32 v 6 2.83 7 6
56 3 23 4 5.75 4 u
57 36 32 ? 4.57 1n 16
58 15 9 2 4.50 3 3
59 3s 22 6 3.67 4 10
60 B} ¢ 15 s 3.00 3 1
61 39 C 24 8 3.00 10 9
62 4% 28 8 3.50 7 12
63 ? [ .2 2.50 2 2
64 57 30 12 2.50 15 10
65 32 "20 3 4.00 9 8
66 79 : 42 2 2,00 1 18
67 25 19 4 4.75 8 3
68 63 29 18 1.61 14 10

*a zero term in the denominator of the compound phytoplankten quotient was arbitrarily essigned s value
of 1.0, i



TABLE 20. A correlation matrix for net phytoplankton

indicators and gradient parameters in 63
study lakes in Minnesota, Phytoplankton
variables are the number of species (S),
Nygaard's compound phytoplankton quotient
(CPQ), and the number of desmids (DESMID S).
Gradient pavameters are total olkalinity
(ALK) and calclum + magnesium (ICa + Mg) in
meqfl, specific conductance (COND) in umho
cm™*, sccchi~disc transparancy (SC) in

fadividuals/ml,
variable ) é
g &
Parameter S 5 A
ALK -.421 342 -.487
conp? -.482 .251 .338
-.715 595 -.708
ICatMg -.348 324 -.321
sp? O .409 -.326 401
© =.575 421 -.477
sct S C.264 469 -.261

-.334 445 ~-.324

2

Second row of coefficients is based on loglo
transformation of the data.

Second row of coefficients is based on a reciprocal
transformation of the data.

Non-signiffcance at P ~ 0.05, significance at

“ .

P = 0.05 but not at P = 0,01,

A multiple correlation analyais between net

TABLE 21,
. " phytoplankton Sndicators and combinations of

gradient parameters in 63 study lakes in

Minnesota. Phytoplankton variables are the

number of species (S), Kypaard's compound

phytoplankton quotient (CPQ), and the number

of desmids (DESMID S). Cradient parmmeters

are total alkalinity (ALK) and calcium +

magnesium (ICa + Mg) in mcq/l, logjg specific

transparency (SD) in fcet, and phytoplankton

standing crop (SC) in individuals/ml.
Dependent Independent Significance of
Variable Variables Regression R

1 Vd

s ALKA® | 1/SD#* *A .61
s ALK#®, COND*® L T4
s COND#** | SC - L 72
S 175D, COlD** *4 .73
H ALK, Catfg, 1/SD, COND** L .75
s ALK, CatMg, 1/SD, COND**, 6 SC falad .76
CPQ ALK, 1/5%% Lad .27
c2Q ALK, COND*# « .48
cPQ ALK*, SC*#t ) *h .53
crQ CONDA#, SCH& : : Py .57
crqQ ALK, CoiMp, COND*# " .49
cPQ ALK, Ca#tg, 175D, COND _—— .51
crPQ ALK, CatMg, 1/5D, COXND, SC* Ll .58
DESMID 8 1/5%%, sC " 49
DESMID § COND*#* ,”SC i .70
DESMID § 175, COlp**, SC L .70
DESMID S Catfg, CONDA® LA . .ZO
DESMID S ALK** = Ca+Mg, 1/S#% ok .58
DESMID § ALK, CatMg, 1/S, CONDA®, SC* L .72

«*Significance at P = 0,01, : i



TABLE 22. A sumzary of the most important diatom taxa.in each of the 68 etudy lakes in Minnesota. Relative
sbundance 1s expressed gs a per cent of the total count (N) in each sample. - Key to generic
abbreviations: S (Stephanodiscus), M (Melosira), P (Frngilaria) C (Cyclotella), A (Asterionella),

Syn (Synedra), end T (T abellaria). i

No. . Lake N . Species Abundance ()
1. Albert 742 S. hantzschii (52.0), S. astrea v. minutula (22.0), S. niagarae (10.2)
2.  Alkalt 570 Chaetoceros muelleri (4.6), M. granulata (0.5), M, ftalica (0.2)
3. Alkaline 572 Chaetoceros ouelleri (60.7), M. italica (0.3), F. capucina (0.3)
4. Ball Club 622 M. granulata (56.3), F. crotonensis (15.6), M. ambigua (15.9)
S. Benton . 681 " S. niagarae (45.2), S. astrea v. minutula (14.9), C. stelligera (7.0)
6. Big 555.5 A, formosa (87.3), T. flocculosa* (4.4), M. ambigua (3.4)
7. Big Kandiyohi  526.5 S. niagarae (94.4), P, sp. (4.7)
. 8. Big Stone 513 S. 'niagarae (97.5), M., granulata (0.4), M. anbigua (0.4)
9. Burntside 542 A. formosa (49.4), T. flocculosa* (32.1), C. stelligera (2.2)
10. Carman 541,5 M. ambigua (64.5), M. granulata (22,5), S. niagarae (6.6)
11. Christmas 607.5  A. formosa (41.2), M. ambigua (5.3), F. pinnata (4.8) ‘
12, Clear 616 S. ntagarae (64.3), M, granulata (33.0), P. crotonensis (1.6)
| 13. Clearwater 507 A. formona (45.2), T. flocculosa* (30.4), C. conta (6.0)
14, Crane 548.5 M. granulata (40.7), A. formosa (18.8), M. ambigua (11.7)
‘ 15. Dead Coon 588.5 C. pseudostellipera (47.8), S, niagarae (18.3), S. astrea v. minutula (5.9)
16, Deming 597 F. crotonensis (54.1), C. sp. (5.0), T. flocculosa* (2,9)
17.  Dugfish . 541 T. flocculosa* (81.2), A, formosa (9.6), C. atellipgera (3.9)
18.  Fckelson 571.5 Chaetoceroa muclleri (44.8), C. Btriata (1.B)
19. FEtk 595 F. crotonensis (79.0), S. astrea v. minutula (3.8), ¥, ambigua (7.1)
20, Elk | 515.5 P. crotonensis (79.0), Syn. acus v, angustissima (19.6), S. nisgarae (1.1)
21. Fish 560 S. niagarae (85.0), M. sranulata (7.1), ¥, crotounensis (3.3)
22. Frances 524 F. crotonensis (73.0), M. ambigua (16.8), A. formosa (4.8)
23,  George 512 Syn. pulchella v, lanceolata (11.5)
24, Gladstone 540 P, crotonensis (51.9), A. formosa (26.7), Syn. acus v. angustiseima (7.0)
25. Goose 584.5 T. flocculosa* (29.9), F. crotonensis (12.0), Syn. rumpens v, familiaris (2.9)
26, Creen 579 P. capucina v. mesolepta (65.9), P. crotonensis (12.6), S. astrea v. minutula
(8,9)
27. Halsted - 547 S. niagnrue (69.8), Stephanodiscus astrea v. minutula (10.1), A. formosa (4.4)
28,  Heron | 541.5 M, granulata v. angustissima (41.2), S. astrea v. minutula (29.5), M. ambigua
(857)
29, Iron 576 M. ambigua (26.8), F. crotonensis (27.1), T. flocculosa® 23.7)
30. Isabel 504 Syn. hcus (1.0), F. (capucina?)(0.6), F. capucina (0.3)
. ltasca . 565.5 M. ambigua (43,1), F. crotonensis (24.7), M, granulata (21.6)
32, Josephine . 569 C. stElligera (63.4), F. flocculosa* (10.6), F. crotonensis (10.2)
33.  Kinball 606.5 A. formosa (35.3), M. ambigua (21.1), T. flocculosa* (17.4) . .
34, Lanmb T 520 T. flocculosa* (26.7), C. stelligera (19.2), M. aubigua (18.3) ) 1
35 Lillian 75 P. sp. (19.2), s, astrea v, minutula (3.7), S. niagarae (2.9) \
36. Little Pine 544 M. a&bigua (62.9), M. granulata (15,83), S. niagarae (14.5) ’ ’ \
37. Llomg 505 . F. pinnata (8.3), C. Kitzingiana (5.2), F. construens (5.0) : ' a
38, Long 614 C. stelligera (5.0), S. sp. (4.4), C. striata (0.8)
. - -39, Loon 544 T. flocculosa* (81.8), A, formosa (12.1), F. crotonensis (5.3)
40. Lower Red 553 M. ambigua (68.7), M. granulata (13.0), T. flocculosa* (5.4)
41. Madison 756.5 S. nfagarac (15.7), S. astrea v. minutula (13.4), S. hantzschii (11.6)
42. Meander 530 A, formosa (34.9), M, ambigua (10.3), C. comta (10.3)
43, Mille Lacs 529 ‘M. ambigua (23.3), M. granulata (17.5), F. crotonensis (9.5)
44, Mineral . 860.5 F. crotonensis (12.4), Chaetoceros nuelleri (10.2), M, granulata (3.5)
45. Minnewaska 513.5 P. crotonensis (49.7), F. capucina v. mesolepta (38.1), M. ambigua (2.1)
46. Mitchell 545 S. astres v. minutula (59.4), M. granulata (15.2), S. niagarae (2.8)
§7. Moose 558.5 ¥. crotonensis (50.0), M. ambigua (35.8), M, granulata (5.4)
48. Mud 681 M. ambigua (25.7), F. capucipa v, mesolepta (22.6), A. formosa (16,2)
49. Nokay 558.5 M. ambigua 970.7), M. granulata (24.9), T. flocculosa* (1.1)
50. Pickerel 521 F. crotonensis (54.7), M. granulata (27.8), S. niagarae (9.5)
51, Sallte 686.5 S. niagarae (31.8), P. construens v. binodis (15.8), M. granulata (6.4)
52, salt 598.5 Syn. sp. (19.7), S. niagarae (9.9), Syn. pulchella (3.5)
53. Sanborn 542.5 S, astrea v. minutula (63.9), S. hantzschit (33.,2), M. islandfca v. helvetica
(0.4)
54. School Grove 623 Syn. ulna v, ramesi (49.9), F. capucina v, mesolepta (12 7, s. astrea v.
ninutula (2.8)
55. Shagawa - 574.5 F. crotonensis (60.7), M, ambigua (25.9), M. granulata (6.8)
56. Shetek 583 M, italica v. tenuilssima (83.4), M. granulata v, angustissima (7.4), S. acus
. (2.1)
57. Spectacle 524.5 P. crotonensis (88, 8), F. sp. (2.3), A. formosa (1.7)
58, Spiritwood . 871.5% S. niagarae (77.5), M. ambigua (0.7), S. sp. (0.3)
59. Stinking 580.5 S. hantzschii (32.1), S. astrea v. minutula (19.0), M, granulata (16.5)
60, Superior 647 C. ocellata (20.7), T. flocculosa* (19.4), F, crotonensis (17.6)
61, Tanager . 515.,5 S, niagarae (81.3), M, granulata (6.6), M. ambigua (4.5) N
62, Thief 608.5. F. sp. (8.1), F. construens (6.7), F. pinnata (4.9)
63. Traverse 506,5 $. nisgarae (99.2), Syn, ulna v, impressa (0.2)
64, Trout’ 575.5 T. flocculosa* (82.5), A. formosa (14.4), C. comta (1.4)
65. Upper Minnctonka$53 M, ambigua (68.7), M. granulata (24,6), S. niagarae (5.8)
66. Vermilion : 628.5 M. ambigua (26.1), M. grannlata v, nnyunttnsima (19.7), M. di{stana (12. 9)
67. Haubay 592 F. crotonensin (79 6), Chaetoccros nuellert (14.4), €. meneghininna (0.1)
63, Wilson 504,5 M. ambigua (26,6), A, formosa (25.6), i, 1slandfca v. helvetica (5.7)

# Tabellarla flocculosa = T, flocculosa v, flocculosa




TABLE 23. A summary (range, mean ;, median m, and etandard deviation s)
of the computations of diatom ratios in the 68 study lakes {n
Minnesota. Stockner's ratio (A/C ), Nygaard's ratio (C/P),
and a modified version of Stocknef's ratio (A/Ct).

Lake Alc* AfC c/p* '
No. Ratio Value Ratio Value Ratio Value
1 0.90/92.9 0.010 4/8 0.500 8/22 0.364
2 0/5.40 0.010 0/4 0.250 4/16 0.250
3 0.30/61.0 0.005 1/2 0.500 2/21 0.095
4 23.9/76.0 0.314 1/6 1.17 /9 C.667
s 1.80/77.3 0,023 8/6 1.33 6/34 0.176
6 91.7/7.40 12.4 2/4 0.500 4/8 0.500
7 4,70/94.4 0.050 /1 1.00 1/6 0.167
8 0.20/98,7 0.002 1/4 0.250 4/4 1.00
9 86.9/7.30 11.9 4/7 0.571 17 0.636
10 6.30/33.8 0.067 3/4 . 0.750 4/3 1.333
1 52.2/7.5  6.96 7/2 - 3.5 2/24 0.083
12 . 2.10/97.5 0,022 3/3 1.00° /6 0.500
13 82.9/9.00 §.21 10/7 1,43 /26 0.269
14 24.2/73.0 0.332. 6/11 0,545 11/13  0.846
15 1.10/80.6 0.014 2/9 0.222 8/15 0.600
16 62.2/12.6 4.86 - 49 0.4a6 T 92 0.375
17 92.1/5.60 16.4 3/ 0.750 4713 0.308
18 0/46.6 0.010 0/2 0.500 2/11 0.182
19 80.5/18.8 4,282 3/8 0.375 8/7 1.14
20 93.6/1.40 70.4 2/2 1.00 2/2 1.00
21 3.70/95.2 0.039 Y2 0.750 417 0.571
22 80.0/19.6 4.08 4/6 0.667 6/6 1,00
23 11.5/0 100. 1/0 1.00 0/14 0.071
24 85.6/13.0 6.58 3/6 0.500 ©6l7 0.857
25 47.1/3.90 12,1 6/7 0.857 7/22 0.318
26 79.5/19.9 4.00 - /5 1.40 5/10 0.500
27 6.70/90.4 0,074 4/6 0.667 6/12 0.500
28 11.3/83.5 0,135 8/8 1,00 8/17 0.471
29 57.4/40.6 1.41 - 6/4 1.50 413 0.308
30 2.30/0 100, 4/0 4.00 0/26 0.038
31 29.2/69.7 0.419 5/7 0.714 7/11 0.636
32 24.6/66.5 0,370 - 7/3 2.33 3/24 0.125 .
33 67.4/26.0 2.59 117 1.00 7/21 0.333
34 35.0/54.2 0,646 4/6 0.667 6/12 0.500 :
s 24,2/10.6 2.28 12/8  1.50 8/65 0.123 : '
36 6.80/93.2 0,073 5/3 1.667 3/6 0.500
37 49.4/11.5 4.30 13/5  2.600 5/57 0.088
38 0.90/11.2 0.080 2/6 0.333 6/20 0.300
39 99.2/0.700 142, 3/1 3.00 1/3 0.333
40 12.3/85.6 0.144 5/5 1.00 5/10 0.500
41 15.9/46.5 0.342 12/8  1.50 8/45 0.178
42 42.3/38.7 1.09 4/8 0.500 8/18 0.444
43 19.0/44.4 0.428 11/7 1512 7/51 0.137
44 12.8/18.4 0.696 4/7 0.571 ©7/28 0.250
45 90.0/3.50 25.7 9/6 1.50 6/23 0.261
46 0.70/83.3 0.008 3/6 0.500 6/19 0.316
47 57.3/42.3 1.35 5/6 0.833 6/8 0.750 \
48 46.6/37.6 1.24 10/9 1.11 9.33 0.273
49 3.50/96.5 0.036 4/4 1.00 &/ 1.00
50 61.3/37.8 1.62 4/4 1.00 4/8 0.500
51 36.9/44.9 0,822 14/4 3,50 4/29 0.138
52 24,6/9.90 2.485 41 4.00 1/21 0.048
53 0/97.5 0.010 0.3 0.333 3/8 0.375
54 63.7/5.1 12.5 5/6 0.833 6/35 0.171
55 62.5/36.9 1.6% 3/4 0.750 4/6 0.667
56 3.30/96.6 0.034 1/7 0.143 7/3 - 2.33
57 93.9/2.50 37.6 6/4 1.50 4/16 0.250
58 0.90/78.5 0.011 5/3 1.667 3/17 0.176
59 3.90/82.5 0.047 9/7 1.29 7719 0.368
60 60.1/34.6 1.74 6/13  0.462 13/17  0.765
61 61.0/93.5 0.065 6/5 1.20 s/7 0.714
62 31,1/3.70 8.41 10/4  2.50 Y3 0.098
63 0.200/99.2 0.002 Y 1.00 1/3 0.333
64 97.2/2.10 46.3 3/5 0.600 5/5 1.00
65 1.00/99.1 0.010 3/3 1.00 3/3 1.00
66 13.0/83.2 0,156 $/12  0.417 12/15  0.800
67 79.8/15.6 5.12 2/3 0.667 3/6 - 0.500
68 32.8/33.1 0.991 9/4 2,25 4/40 0.100

#A zero value in the numerator or denominator of a ratio has no meaning.
For the A/Cs ratio, rero abundance of Araphidineac has been given a
ratio value of 1/100 (A/C; = 0.010); zero sbundance of Centrales has
been assigned a ratio value of 100/1 (A/Cy = 100). For the A/Cy and
C/P ratios, a rero value in the numerator or denoninator has been
asaigned arbitrarily an occurrence of 1.0 aspecies in that group.

N




TABLE 24, A gummary (range, mcan ;, median m, and

TABLE 25, A correlati trix f
standard deviation s) of diatom ratio and gradtcn:np:?n;c:er:rizizgo:tzjzioa
analysis and the number of taxa (S) and lskes 1n Minnesota. Diaton ratios are
sample size (N) in 68 study lakes in \ Stockner's (A/C.), Nyzaard's (C/P) .
Minnesota, Diatom ratios are Stockner's and a nodificd version of Stockner's
(A/€,), Nygaard's (?/p)' and a nodified ratio (A/C,). Cradient parazeters are
version of Stockner's ratfo (A/C,). total a]kni!uity (ALX) and calcium +
magnesfum (ICa + Mg) in meq/l, specific
conductance (COUD) in umho cm~) at 25C,
~ secchi-disc transparency (SD) in feet,
Variable Range x o 8 . and phytoplankton standing crep in
individvals/ml,
alc, 0.002-141.7  9.834 0.760 25.4
Alc, 0.140-4.0 1,146 1,000 0,88 Parameter Variable
c/P 0.038-2.33 0.478 0.375 0.38 @ u
. g g & /
No. Taxa 4-73 22.3 19.0 14,2 < < o
No. Individuals  504-860.5 577.9 563 67.7
o ALK .023 ~,015 -.236
conpt .159 .011 -.270%
) .021 .058 -,223
ICa + Mg .003 ~-.095 -.222
sp? . 142 -.020 150
-.064 ~.038 -.131
sct .048 -.030 -.129
.095 -,218 ~.022
1 Second row of coefficients 18 based on 1°810
transformation of the data
2 Second row of coefficients 18 based on a
reciprocal transformation of the data
% Significance at P = 0.05, ** gignificance at
P=0,01
i
TABLE 26. A multiple correlation analysis between dfatom and ccmbinations

of gradient parameters in 63 study lakes in Minnesota. Diatom
ratios are Stockrer's (A/Cs), Nygaard's (C/P), and a nodiffed l
version of Stockner's ratio (A/C,). Gradient parameters are o
total alkalfnity {ALK) and calcium + magnesiuz (£Ca + Mg) in

meq/l, specific conductance (COND) and log,, specific conductance

(COND) {n umho en~} at 25C, secchi-disc trissparency (SD) in

feet, and logjp pnytoplankton standing crop (SC) in individuals/ml,

Dependent Independent Significance of

Variable Variables Regression R
Alc, $D,COND NS .24 .
AlC, SD,SC NS .22
AlCy ALK, CatMg, COND NS .23
A/Cg _ALK, Ca¥Mg, SD,SC NS .24
Alcg ALK, CatMg, Sp,COND, SC NS .32
c/p sD,SC - NS .13
c/p $5,COND . NS .29
c/p covpr, 5¢¥ NS .29
c/p ALY, Cai¥g, Sp,COND NS 31
c/p ALK, CaiMg, SD,SC . NS .26
c/e ALK, CatMg, SD COND, SC NS .32
AlC 1/sD, 8¢ NS .23
AlCy 178D, COMD S .13
AlC, b, BCH NS .26
Alc, ALK, CatMg, 1/sn,COND NS .22
AlC ALK, Cat¥g, COND, SC NS .26
Alc; ALK, Cattg, 1/5D,C0ND, SC NS .32

NS = Non-significance at P = 0,05



TABLE 27, A gummary (range, nean X, medlan m, and atandard
deviation s) of diaten ratio component analysis
in 63 study lekes in Minnesota. The conponents
are relative abundance of Araphidinese (A ),
relative abundance of Centrales (C ), number of
apecies of Araphidincae (A,), number of species of

" Centrales (C), and the nunber of species of
Pennales (P). :
i . - .

Variable E Range . x ‘ ;
A 0200992 38.9 . 337
e ' 0.700-99.1 47.3 ¢ 35.8
A f 4 . sy 3.16
c b sas 2.58
. L
¥ ;

2-65 17.3 <. 13.8

TABLE 28. - A correlation matrix for the components of the diatom ratios
and gradilent parameters in 63 study lakes in Minnesota. The ) -
components are relative abundance of Araphidineae (Ag), -
relative labundance of Centrales (Cg), number of species of
Araphidineae (Ay), number of species of Centrales (C), and .
the number of species of Pennales (P). Gradient parameters
are total alkalinity (ALK) ard calcium + magnesium (ICa + Mg)
in meo/l, secchi-disc transparency (SD) in feet, specific
conductance (COND) in umho co-l at 25C, and phvtoplankton
standing crop (SC) in individuals/ml,

Variable

Parameter Ag Cg Ay Ce P
ALK 1YY -.107 -.133 -.215 154
conpt -.283% -122 . 2970 ~.364%% -.055

-.522%% . 098 -.234 -.3834# .064
ICatty -.250% -.168 ~.274% -.225 .022
sp? 490k - 2778 212 L374kk .015

-~ 4670% .150 -.345%% = 272k -.027
sct -.261 .010 -.162 -.138 -.015

-.254% ,025 =, 257 ~, 000 014

. ~ . \
1 second row of coefficients is .based on log,, transformation of the data
2 Second row of coefficients is based on a-reciprocal transformation of
the data ' ’
# Significance at P = 0,05, %% gignificance at P = 0.01 -



TABLE 29, A summary of the moat important phytoplankton apecies in each of 68 study lakes in Minnesota.
Standing crop of phytoplankton (SC) ie given as individuals per ml, The.percentage contribution
of cach species to SC in the lakes is piven in parenthescs. An underlined percentage value
indicates that the texon is a nannoplaniter (<60 u in greatest dimension). (* after SC and taxon
indicates a state of "bloou"). @& in parentheses after a lake indlcates a zooplankton "bloom",

No. Lake sC Species Abundance (X)
1. Albert - 54,453%  Stephanodiscus astrea v, minutula + S, hantzschii (48.3), Oscillatoria
spardhitl (33,2)*%, Ankistrodesmus falcatus (3.9)
2. Alkall 3,070 Ochromonas sp. (47.5), Ochromonas sp. (18.8), Amphora pusilla (5.,0)
3. Alkaline 9,959 Cryptomonas sp. (23.1), Ochromonas sp. (19,3), Chromulina sp. (17.3),
Botryococcus braunii (10.1)
~4.  Ball Cludb 651 Chroononas acuta (28.0), Ochromonas sp. (13.3), Chromulina sp. (11.8);
Melosira granulata (5.9)
S. Benton (Z) 1,960*  Aphanizomenon flos-aquae (25,7)*%, Ochromonas sp. (25.4), Cyclotella
stelligera + Stephanodiscus astrea v, minutula (15.6)
6. Big 2,092 Ochromonas sp. (17.0), Chromulina sp. (13. 13.8), 0. sp. (13 3), Chroomonas
: acuta (10.6)
7. Big Kandiyohi 1,865 Chroomonas acuta (51.8), Stephanodisucs niagarae (13.6), Cryptomonas sp.
(13.3), Cryptomonas sp. (6,2)
8. Big Stone 3,870 Stephanodiscus niagarae (42.7), Aphanizomenon flos~aquae (41.5), Chroomonss
acuta (4 5)
9. Burntside 1,992 Ochromonas sp. (22.6), Chromulina 8p. (19 7), 0. sp. (19. 2), Chroomonas
acuts (13.0)
10. Carman 4,673 Aphar!rzomenon flos-aquae {31, 6) Chroococcus dispersus (10.5), Oscillatoria
agardhii (B.4), Ochromonas sp. (7 3
11. Christmas 922 Chroomonas acuta (56.0), Aphanizozenon flos-aquae (7.3}, Katablepharis
ovalis (7.3), Asterionella formosz (3. 1)
12, Clear 614 Stephanodiscus astrea v. minutulz (27.5), Stephanodiscua niagarne (27. 2).
Chroomonas sp. (9.4), Microcystis aeruginosa (8.4) N
13. Clearvater v 644 Chroomenas acuta (29. 0), Ochromonas sp. (26.0), Ochromonas op. (19.3),
Katablepharis ovalls (3.0)
14, Crane 1,890 Chrocmonas acuta (33.7), Ochromonas sp. (12.9), 0. sp. (12.7), Katablephuris .
ovalis (4,6) .
15, Dead Coon 21,153%  Aphanizomenon flos-aquae (35.9)%, Cyclotclla pseudostelligera + Stcphanodiscus
. astrca v, minutula (29.7), Ankistrodesmus falcatus (23.4)
16, Deming 10,194 Lyngbya limnetica (34.7), Ochromonas sp. (16.4), Anabaena sp. (14.5),
Chronulina sp. (13.6)
17.  Dogfish 5,050 Ochromonas sp. (21.1), Chromulina sp. (19.6), C. ep. (14.3), Merismopedia
glauca (6.7) )
18, EBckelson 403,893*  Chactoceros muellert (59.4)*, Rhabdoderma {irrcgulare (12.3), Nitzschia
acicularis (6.8) ~
19, Elk 672 Ochromonns sp. (28.5), Ochromonas np. (19.9), Anabaena sp. (13.9), Dinobryon
divergena (6.4)
20, Elk 4,381 Chroomonas acuta (29.6), Gomphosphaeria lacustris (22.8). Ochromonas sp. (21.7)
21.  Fish 622 ° - Stephanodiscus niagarae (47.2), Microcystis acruginosa (13.0), Chlnmydo:onan
8p. (6.1), Chroomonas acuta (3.8
22. Francis 3,553 Chroomonas acuta (63.6), Tetraedron lunula (14.0), Cyclotella stelligera (1;2)
23. George © 12,583 Nitzschia frustulum (50. 50.5), Nitzschia fonticola (29.9), Botryococcus
braunit (5.3)
24, Cladstone 2,525 Ochromonas sp., (18.6), 0, sp. (17.5), Chrocwonas acuta (15.2)
25. Coose 9,533 Lyngbya limmetica (46.0), Ochromonas sp. (16, 16.0), Chromulina sp.v(lk 8)
26. Green 2,711 SCep“anodiscus astrea v, minutula (15.9, Melosira granulata (9.9), Coelaatrun
. microporum (8.5)
27. Halsted 14.118 Aphanizomenon f£los-aquae (81 1), Stephanodiscus ningarae (9.0), Oscillatoria
ngatdhii (3.0
28. Heron 189,588¢% Stepnanodiscus astrea v. minutula (38.6)*, S. hantzschii (25,7)*, Synedra
nanna (11.2), Oscillatoria agardhii (8.6), Chroomonas acuta (8.5) -
29, Iron. 1,085 Anabaena planktonica (26.5), Chromulina ap. (12.4), Chroomonas acuta (7.1)
30. Isabel 149,256 Lyngbya contorta (90.8), Lyngbya limnetica (1.8), Ochromonas sp. ().3 5)
31, TItasca 4,343 Chroomonas acuta (18. l), Chtoomonns sp. (14.6), Ochromonas ep. (13.6),

0. sp, (13.1)

32, Josephine 9,507 Ochromonas sp. (17.3), Oscillatoria redecki (13.9), Anabaena sp. (13.7)
Chroomonas acuta (3.7)



S

33,
3.
3s.
36.

37.
38.

39.
‘40,
41,

42,
43,

44,
45,

46,
47,
48,
49,

50.
51,

52,
53,

. 54,
55,
56.

57.

58.
59.
6.
61.

62.
63.

64,

65,

66.

67,

68.

Kimball . 1,010
Lanb - 8,076
111l1an 9,921
Little Pine 1,158
Long 3,179
Long 70,988
Loon 2,246
Lower Red 1,157
Madison - 5,077%
Meander 2,694
Mille Lacs 23,798
Mineral 9,657
Minnewaska 7,383
Mitchell 26,489
Moose 987
Mud 1,287
Nokay 3,941
Pickerel 2,902
Sallle 2,585
Salt (3) 266
Sanborn 53,955
échool Grove 1,714
Shagews 4,649
" Shetek 27,158%
Spectacle 4,516
Spirfitwood (3) . 89
Stinking 57,480
Superior 5,296
Tanager 997
Thief 1,220
Traverse 25,480
Trout 2,088

Upver Minnetonka 4,908

Vernilfon 5,736

Waubay 62,615%
Wilson 1,069

Ochrowonas sp. (16.2), Ratablepharis ovalis (14.3), 0. sp. 3.3y
Chroomonas acuta (11.4)

Chromulina sp. (20.4), Ochromonas sp. (19.2), Chroomonas sp. (8.5),

Katablepharis ovalis (@;1)

Ankistrodesmus falcatus (44,0), Ochromonas sp. (2;1), Cryptomonas ap.
(8.6), Chroomonas acuta (242)

Stephanodiscus niagarae (34.5), Melosirs ambigua (18.4), M. granulats
(11.2), Aphanizonenon flos~aquae (7.5)

Lyngbya limnetica (54,5), Chroomonas acuta (16.3), Ochromonas sp. (15.2)

Lyngbya contorta (37.7), Aphanizomenon flos~aquae (32.0), Ankistrodesmis
falcatus (6.6)

Chromulina sp. (30,3), Ochromonas =sp. (24.8), Chroomonas acuta (16.2),

Tadellaria flocculosa v. flocculosa (5,7)

Ochromonas sp. (16.6), Ochromonas sp. (15.8), Chroomonas acuta 10.8),
Nitzschia palea (6.6)

Aphaniromenon flos-aquae (85.1)*%, Anabaena sp. (B.5), Chroomenas acuta
(2.5) )

Chromulina sp. (23.6); Ochromonas sp. (15.3), O. sp. (15.6)

Chroomonas acuta (53,5), Chroomonas (10.9), Chlanmydomonas sp, (8.9,
Katablepharis ovalis 4.9

Anabaena sp, (50.5), Selanastrdm mutfcum (15.4), Tetraedron trigonum (10.2)
Chroomonas acuta (46.6), Lyngbys limnetica (11.3), Ochromonas sp, (4,8)

Ansbaena sp. (19.0), Stephanodiscus sstrea v. minutula (18.4), Chroomonas
ep. (16.8) .

Chroomonas acuta (37.4), Chrorulina 8p. (22.3), Ochromonas sp. (17.%5)
Chroononas acuta (28.3), Aphanizomenon flos-aquae (13.9), Ochiuzonas sp. (11,2)

Aphanizomenon flos-aquae (18.0), Ochromonas sp. (12.9), Ochromonas sap, (12.5),
Chrooronas acuta (8.0) : . )

Chroomonas-acuta (§;§), Mallomonas sp. (8.0), Aphanizomenon flos-aquae (7.0)

. Chroomonas acuta (27.0), Stephanodiscus niagarae (26.9), Stephanodiacus

astrea v, minutula (12.6)
Ochromonas sp. (32.4), O. sp. (28.8), Navicula lanceolata (10.8)

Stephanodiscus hantzschii (61.2), Stephanodiscus astrea v. minutula (32.5),
Didymocystis sp. (2.9

Chroomonas acuta (67.0), Chroomonas sp. (19.0), Schroederia setigera (5.0)

Katablepharis ovalis (21.9), Cryptomonas sp. (15.1), Chroomonas acuta (11,8)

Oscillatoria agardhii (70.2)#%, Stephanodiscus hantzschii (7.8), Stephanodiscus

astrea v, minutula (7.0) )

Ochromonas sp. (24.7), Chromulina sp. (20.0), C. sp. (16.2), Chroomonas
acuta (14.9), Katablepharis ovalis (8.1) .

Coelosphaerium sp. (35.0), Chroomonas sp. ( .9), Chroomonas sp. (18.0),
Oscillatoria limosa (7.9)

Stephanodiscus hantzschii (34.4), Stephanod;acus astrea v. minutula (26.1),

-Oscillatoria agardhii (9.6)

Synechococcus elongatus (20,7), Chromulina spp. + Ochromonas spp, (10.3),
Chroomonas acuta (7.2), Dinobryon sociale (5.8)

Aphanizomenon flos-aquae (25.9), Stephanodiscus niagarae (32.9), Anabaena
spiroides v. crassa (9.7) -

Chroomonas sp. (47.1), Chroomonas acuts (22.8), Cocconeis placentula (3.1

Aphanizomenon flos-aquae (74.5), Anabaena sp. (12.5), Stephanodiscus
niagarae (9.2)

Ochromonnsvsp; (43.3), Chromulina ep. (28.1), Chroomonas acuta .0,
Katablepharis ovalis (2;2) .

Oscillatoria agardhit (48.7), Aphaniromenon flos-aquae (20.9), Ochroponas sp.
(11,9) : ‘

Ochromonss sp., (18.6), 0. sp. (10.0), Melosira distans (10.0), Chroomonas
acuta (9.7) .

Anabsena ep. (66.5)*, Fragilaria crotcnensis (18.8), Ankistrodesmus falcatus
(9.6) ' .

. N : .
Chroecmonas acuta (24.7), Katablepharis ovalis (23.3), Ochromonas sp. (12.1)



TABLE 30, A gummary (range, mean x, median m, and standard deviation g) of
quantitative phytoplankton indicators in 68 study lakes {n Minnesota.
The phytoplankton variables are the standing crop of phytoplankton
(5C), the standing crop of net phytoplankton (NET SC), and the standing
crop of nannoplankton (NANNO SC), NET SC and NANNO SC are also
expressed as a per cent of SC. All computations are based on individuals/

|
B
-

Variable Range
sC 89-402,893 20,105, 3,906, 56407,
| sct 1.949-5.606 3,650 3.592 0.687
| NET sC . 8-305,794 11,887, © 9728, 41,502
NET sct ©0.s89-s.485 3.001, 2.988 0.970
NANNO SC 75-129,522 . 8,28, 1872 20,881,
§aNo scl . L.8n-5.112 3% 3.212 0.655
1 NET SC 0.0-97.4 37.9 1.0 30.24
I NANNO SC 2.6-100, S 3 © 690 " 30.25

1 Statistics based on logarithmic values.

~

TABLE 31, A correlation matrix for quantitative ohytoplankton {ndicators and
gradient parameters in 63 studv lakes in Minnesota. Phytoplankton
variables are the standing crop of ohytoplankton (SC), the atanding
crop of net phytoplankton (NET SC), the standing crop of nannoplankton
(NANNO SC), and the per cent of NET SC and NANNO SC. All conputations
are baged on individuals/ml. Cradient parameters are total alkalinfity
(ALK) and calcium + magnesfum (£Ca + Mg), specific conductance (COND)
in umho cm™ atr 25C, secchi-disc transparency (SD) in feet, and
phytoplankton standing crop (SC) in individuals/ml,

Variasble

[2) 3" b4

-t 7 n Q ©

a 2 % %

. - | b

Parameter a a E E . = = &

ALK « 254 216 274 .161 .143 £98 1.97 -.197
Sw——— — ——— e . —— —

conpt ' .598 .253 . 633 .212 359 1.56  .170 =~-.170
«396 . 308 395 - .287 . 284 2116 314 -.313
ICatig ) 439 ‘2224 467 <134 .259 .176 .070v -.070
sp? -.240 ~.348 -.215 -.308 -.220 =212 =.249 .249
.605 464 .606 .380 430 «320 .288 -.288
. - haE L)
scl 1.000 672 .954 .569 .805 .566 .250 -.250
~1.000 . .592 .828 .637 -825  .360  -.360

+ Second row of coefficients is based on log)0 transformation of the data.
Second row of coefficients is based on a reciprocal transformation of the data.
Non-significance at P=0.05, ___ significance at P=0.05 but not at P=0.01..



"TABLE 32. A wultiple correlation analysis between the standing TABLE 33. A multiple correlatfon analysfs between the standing

erop of phytoplankton (SC) and logyg standing crop crop of net phyteplankton (NET SC) and nannoplankton
of phyteplankton (SC) based on individuals/ml and (NANNO SC) 1n fndividuals/ml and combinaticns of
combinations of pradient parameters in 63 study gradient parameters An 63 study lakes in Minnesota.
lakes in Minnesota. Gradient parameters are total The gradient parsmeters are total alkalinity (ALK)
alkalinity (ALK) and calcium + magnesium (CCa + Mg) and calcium + mapgnesfum (£Ca + Mg) ‘fn meq/l, specifie
in neq/l, specific conductance (COND) and logyg ' conductance (COND)_ and logyq specific conductance
specific conductance (COND) in umho em™* at 25C, (0oND) in umho co™" at 25C, and secchi-disc transparercy
secchi-disc transparency (SD) in feet, and phytoplankton (SD) in fcet.
standing crop (SC) in individuals/wl. ’ .
DPepondent Independent Significance of
Dependent Independent Significance of Variable Var{ables Regression R
Variable Var{ables Regression R
NET SC ALK, CadMpthk bt 47
sc ALK, CatMgh* A A4 NET SC ALK, COND*# Lid . .63
. . NET sC CatMg, OONDes * / .63
sc 1/S, COND*# *h ’ .69 RET SC 1/SD**, COND*#& *# 71
: NET SC ALK, CatMg, 1/SD*# *# .66
sc . Ca#g, CONDA* ** .60  NET SC ALK, CatMg, 1/SD*%, CONDA# #a .71
sc ALK, CatMg, 1/5a% * .65 NET sc ALK, CaiMg NS .16
» ‘ NET SC ALK, 1/SD *h .40
sc CatMg, 1/S*%, COND4* . " +69 NET SC ALK, CONT* » * -33
. RET SC ALK, Catd¥g, COND . ’ NS .33
sc ALK, Catig, 1/S*, COND*# . wA T .68 NET 5C ALK, 1/SD, COND £ .41
- o , NET SC ALK, CatMg, 1/SD*, COND * 42
sc 1/s**, COND ST e 47 * S '
) T B - NARNO SC ALK, CatMg NS . .26
sc ALK,1/S*%, COND ' * : .48 NANNO SC ALK, COND** - * ‘38
haat — NAHNO SC ALY, 1/SD*# : ** .43
SC ALK, Ca+Mg, COND . NS .32 NANNO SC 1/s, €O¥D (1] 46
o= — ~ NANNO SC ALK, Ca+Mg, 1/SD*, COND s 47
s¢ ALK, CatMg, 1/S*% " Y RANNO SC ALK, COND NS .17
sc ALK, CatMg, 1/S**, COND " . .48 NANNO SC ALK, 1/SD* * 32
- - . HANNO SC Ca+Mp, OOND NS .19
NANNO SC 1/5D*, COXD * .32
. : NANNO SC LAK, CatMg, 1/SD* ' NS .33
NS = Non-~eignificance at P = 0,05 ‘ : NANNO SC ALK, 1/s8%, COND XS .32

NANNO SC ALK, Ca+Mg, 1/SD*, COND NS .33

. %% Sienificance at P = 0.01

NS = Non-significance, % significance at P = 0.05, #% g{gnif{cance
at P = (0.01. e

TABLE 34. A sumary (range, mean x, median m, : |
and standard deviatfon 8) of species ’ : ) ' . |
diversity in diatom communities in . ' . ’ |
68 study lakes in Minnesota. ' ’ |
Community properties are Margelef's : ) ‘ |
index (D), Shannon's index M), 1in ! |
bits cell, the evenness component of TABLE 35. A correlation matrix for diatom species diveristy and ‘
H diversity (1), and the number of gredient parameters in 63 study lakes in Minnesota.
species (S). : : Community properties are Margalef's index (D), ‘

Shannon’s index (H) in bits per cell, the evenness |

component of diversity (J), and the number of species

|
|
|

(S). Gradient parameters are total alkalinity (ALK)

Variable Range x o s and calcium + magnesium {(zCa + Mg) in meq/l, specific
conductance (COND) in umho cm™* at 25C, secchi disc
: transparency (SD) in feet, and phytoplankton standing
R 0.476-10.8 3.367 2.994 2,205 erop (SC) in individuals/ml.
' 0.079-4.566  2.207 2.149  1.084
. ) - Paraveter Variable
J 0.040-0.777 0.500 0.510 0.169 . D 3] 3 H
s 4-73 22,3 19.0 14,2
i ALK 072 105 «105 099
conp® - -.094 -.029 019 -.089
: ~.001 -.042 -.079 . 025
LCatMg -.037 .073 120 -.026
sp? 032 045 N3 o7
-.055 ~. 087 -.143 ~.042
scl - 049 033 .032 ~.088
.. 051 . 069 .065 .051
N
1 Second row of coc{ficicents 18 based on l.o;;l(‘ transformation of the
data ' =
Second rov of cocfficients 18 based on a reciprocal tranaformation
) of the data T

* S{pnificance at P = 0,05, ** gignificance at P » 0.01
1

i ;




. TABLE 36.

A multiple correlation analysis between species
diversity indices in diatom communities and
combinations of pradient parameters in 63 study
lakes in Minnesota. Cormunity properties are
Margalef's dndex (D), Shannon's index (1) in
bits/cell, the evenness component of diversity

(1), and the number of species (§). The gradient
parameters are total alkalinity (ALK), and calcium
+ nagnesium (ECa + Mg) 1n neq/l, specific conductance
(COND) and log o frecific conductance (COND) in umho
en1 ar 25C, s&cchi dise transparency (SD) in feet,
and log,, phytoplankton standing erop (5C) in
individuals/ml.

Independent Significance of

Dependent .

Variable Variables Regression R
R /5D, SC ‘ NS . .15
R COND, SC NS .07
;] ALK, Ca#Mg, 1/SD, COND NS .26
R ALK, CatMg, 1/SD, SC . NS .23
H ALK, CatMg, 1/Sb, COID, SC NS .27
D 1/sp, SC - N§ S ¥
D COND, SC : NS . .10
D AIK, Ca+Mg, 1/SD, CONT NS .18
D ALK, Ca+Mg, 1/SD, SC NS . .19
D ALR, CatMg, 1/SD, COND,SC . NS .19
J 1/sp, SC : B NS | ‘ .21
J COND, SC - NS .09
J ALK, Cat+tMg, 1/SD, COND NS <31
J ALK, Ca+Mg, COND*, SC NS .29
J ALK, Ca+Mg, 1/SD, COND, SC NS - .33
s 1/5D, COND . NS © .09
s ALK, Catity, COND NS a8
S ALK, Ca+Mg, 1/SD, COND NS .20
s ALK, Cadtig, COND, SC NS .18
S ALK, Ca+p, 1/SD, COND,SC NS W21

NS = Non-signfificance at P = 0.05

TABLE 37. A summary (range, mean x, medisn m, and standard deviation s)of species diversity in

phytoplankton comuunities and in communities of net phytoplankton and nannoplankton.
Community properties are Margalef's index (D), Shannon's (H) in bits/sndividual, the
evenness component of diversity (J), and the number of species (S).
diversity and nannoplankton diversity are indicated as NET H and NET
NANNO S, respectively.

Net phytoplankton
S and NANND H and

Variable Range x m ]
D 1.241-12.38 5.558 5.380 2.349
B 0.805-4.622  2.915 2,908 0.879.
3 0.178-0.811 - 0.580 - 0.587 0.161
NET H 0.0-4.274 . 2.252 2,38 1.097
RANNO B 1.147-3.769 2.562 _ 2,561 0.627
s 10-706 S 35.5 13.159
NET SC 1-3% o wma © 180 8.176
37 17.2 17.5 6.691

NANND SC

-




TABLE 38.

A correlation mt:ix. for species diverafty in phytéplunk:on cormunicies and in cormunities
of net phytoplankton and nannoplankton in 63 study lakes in Mimnesota.

Comrunity

properties are Margalef's index (D), Shannon's index (H) in bits/individual, the evenness
component of H diversity (J), and the number of specles (S).
number of species (S) for net phytoplankton and nannoplankton comrunities are indicated
as NET H and NET S and NANNO H and NANND S, respectively.

Shannon's index M and the

Varlable
= . [}
E g v g
PARAMETER P & - E £ E ‘@
ALK — 2818 ~.3408% <240 ~.3738%  -.2584 - 3348k -3264a - 3794
corn? ~.3454%  -.206 -.009  -.738 —158 -.3690 o344 - 397#e
—.562%%  -,5000%  -,2B0A -, SIGW&  —,422%% .531%4 <. 605%*  —.635A4
Catfg -.200  -181 ~063. =181 -106  -.273% =226 -.289%
sn’ 42044 L3G6%% .249%  480%*  .109 346re L203e .3644s
: — 47SHE o 40TAA - 407%% - S06%% .06  =.476%%  =,322%%  — 450as
sct —.253  -.263%  -.228  -.246% =135  -.166 -8 -a79
S371 370 -AGANd  -W26A% =126 - -.195 - om.005-  =u124c oo

~~

LN

1

Second row of coefficients is based on logm transformation of the data

2 Second row of coefficients 1is based on a reciprocal transformation of the data

* Siiniﬁ.cance at P = 0.05, #¢ iignificmce at P = 0.01

A multiple correlation analysis between species

TABLE 39,
diversity in phytoplankton comrunities and
combinations of gradient parameters in 63 study
lakes in Minnesota, The indices are Margalef's
index (D) and Shannon's index (B). The gradient
' parsmeters are total alkalinity (ALX) and calcfva
-+ nagnesium (ICa + Mg) in meq/l, logyg specific
conductance (COND) in umho ca~l at 25C, secchi-disc
' transparency (SD) in feet, and log, phytoplankton
standing crop (SC) in 1nd1vidua15/m?. ’
Dependent Independent Significance of :
Variasble Variables Regression R
. ) ALK, 1/5D*% L .49
] ALK® | CONDS# e / .59
)] Ca+Mg, 1/SD** L .49
D *1/SD, CONDA® s .57
D ALK*, 175D, COND*% *k 61
D 1/5D, COND*#, SC# on .62
D ALK*, 175D, COND*%, Sce L4 .65
D ALK, CatMg, 175D, COND*#, SCt  #4 .66
B ALK, 1/SDas bdd 52
g 1/5SD, COND*# " .52
H 1/sDp*, SC bl Ry
B COND#& ,"5c# Lo .56
H ALK*, CatMg, 1/SD® ot .48
H ALK#*, Ca4iMg, COND*# *e .53
Rn ALK, 1/SD, COND*, SC s .56
n ALK, CatMg,” 1/5D, COND*, SC " .59

Cea Significance at P ~ 0,01




TABLE A40. A multiple correlation analysis between species

diversity in phytoplankton communities and
combinations of gradicnt paramcters in 63 atudy lakes
in Minnesota. The indices are species number (s)

and the evenness conponent of H diversity (J). The
gradient parameters are total alkalinity and calcium
+ pagnesiun (ICa + Mg) in meq/l, log 10 specific

. conductance (COND) in umho cm™" at 25C, gecchi-disc

transparency (SD) in feet, and phytoplankton standing
crop (SC) and log)q phytoplankton standing (SC) in

‘gndividuals/ml,
Dependent Independent Significance of
Variable Variables Regression R
S ALK, 1/5Da% h& .53
s ALKS, COND** A .68
s 1/5D, COND*# L .63
s 1/sD**, SC il ) .50
H ALK, CatiMg, CONDA® ) L .68
s 1/5D, CONDA*, SC L .67
S ALK, 1/SD, COND**  SC "R .70
s ALK, Cattg, 1/5D, COND*a,  SC  ## .70
J - ALK, 1/5D NS . .31
3 1/5D, COND . I
3 COND, SC##* ah Y |
- J 175D, SCh#* - *h B 45
5 ALK, 175D, COND NS 31
J ALK, Ca#Mg, 1/5D, COND NS .36
J ALX, 1/SD, COND, SC** bkl 47
- J ALK, Ca#Mg, 1/5D*, COND, SChe A4 50

KS = Fon-sigoificance at P = 0.05.‘=ign££1cance at P = 0,01

TABLE 41. A nultiple correlation analysis between species
" diversity in communities of net phytoplankton

and nannoplankton in 63 study lakes in Minnesotas.
Coumunity properties are Shannon's index (H) and the
number of specics (S). Net phytoplankton diversity
and nannoplankton diversity are indicated as NET B
and NET S and NANNO H and NANNO S, respectively,

' The gradient parameters are total alkalinity (ALK) and
calcium + magnesium (pCa + Mg) in meq/l, log
apecific conductance .(COND) in umho ca™ at igc.
secchi-disc transparency (SD) in feet, and standing
crop. of phytoplankton (SC) and log1 standing crop of
phytoplankton (SC) in 1nd1vidualslmg.

Dependent Independent Significance of
Variable Variables Regression , R
NET B ALK** | CadMg *k .39
NET B ALK, 1/SDr% L .60
NET H ALK, CONU*# w4 .57
NET 1l Catig, 1/SDA* " .53
NET K 1/SD**, SC L .56
NET W ALK, Ca+Hg*,1/SD, COND* w4 .65
NET H ALK, 1/SD, COND*, SC *a .63
NET H ALK, Ca+Mg, 1/5D,COND*,SC a .67
NANNO H ALK*, CaiMg NS .28
NANNO H ALK, SC NS .27
NANNO B ALK, COND*# L] .41
NANNO R ALK#*, Cat¥g, 1/5D* XS - .28
NANNO M ALK, Ca+ig, COND#® " A4
NANNO H ALK*,- Ca+Mg, SC RS .30
NANNO H ALK, CatMg, 1/SD%, CONDA* &« .51
NANNO H ALK, CatMg, 1/SD*, COND4*,SC ah .53

NS = Non-significance at P = 0.05, ** significance ot P = 0.0l




Table 42, The results of four cluster analyses based on the
" concentrations of major solutes (calcium, magnesium,

sodium, potassium, bicarbonate alkalinity, sulfate,
and chloride) for 63 study lakes in Minnesota. The
analyses are based on fon concentrations expressed as
raw data (meq/l) or as standardized variables. .
Absolute (ABS) end Standard (STAND) distance are two
independent agglomeration measures of the similarity
among lakes. The cluster analyses aré: Run 1 (meq/l,
absolute distance), Run 2 (meq/l, standard distance),
Run J (standardized variables, absolute distance), and
Run & (standardized varfables, standard distance).
The nuszbers opposite the lakes in each analysis
desfgnate the major cluster to which each lake is
assigned (Types 1, 2, 3, and 4). Single residuals ate
indicated as R and multiple residuals as Rn., FINAL
iadicates the lake type to which each lake is
agsigned., Seu text for dlscussion.

: Meq/l - Standardized
Run 1 2 3 4 FINAL
: Distance Measute ‘
Lake Ro. ABS STAND ABS STAND
Alkalt 2 4 3 4 3 4
Alkaline 3 4 4§ B Rl 4
Ball Club 4 2 2 2 2 2
Benton 5 3 3 3 4 3
Big [ 1 1 1 1 1
Big Kandiyohi ? 3 2-3 2 2 - 3 Table 43. The mean concentrations of the seven major anions and cations
Big Stone 8 3 T3 3 4 3 in meq/l that were used to classify the 63 study lakes in
Burntside 9 1 1 1 1 [ § Minnesota, and the results of an analysis of variance based
Carman 10 2 2 2 2 2 on the four lake types. Symbols: calcium (Ca), magnesiunm
Chriscmas 11 2 2 2 2 2 (Mg), sodium (Na), potassium (K), sulfate (SOA), chloride
(Cl), and total alkalinity (CaCOJ).
- Clear 12 2 1 2 -2 2
Clearwater 13 1 1 1 1 1
Crane 14 1 1 1 1 -1
Pead Coon 15 33 3 4 3 Lake Types 1 : 3 4
Deates 1 : : 3 h 1 No. takes 17 24 17 s F-test
] .
S:elson i: : : ;‘ "§ ' ; Ca 295 1.56 IR 5.58 10.20%
B 23 3 Ho } o as1 1.4ss 12.9 96.8 29,34
Prances 2 2 2 2 2 a2 Ha ' 048 .360 8.69 193 " 58,440
 Soorge 2 : : P Y ok " .020 .103 .458 9.18 33,348
Groen b 2 2 : : g s0, .10 395 13.6 129 54,148
'1’:;:“ :: : : : i i a " .016 .215 1.01 35.6 10.54%
Issbel %0 3 4 3 2 ; a0, .37 2.7 6.46 - 7.96 31,944
‘Josephine 32 1 2 1 1 1 -
Xioball h 33 1 1 1 1 1 as5ignificance st P = 0.01
Lamb 34 1 2 1 1 1 |
Little Pine 36 2 2 2 2 2 |
Long 37 2 2 2 2 .2 |
Long 38 3 4 3 3 3 |
Looa 39 1 1 1 1 1 |
Lover Red 40 2 2 2 2 .2 |
Madison 41 3 3 3 4 3 |
Meander - 42 1 R1 1 1 1 |
Mille Lacs 43 2 2 2 2 2
Mincral 4 w1 3 3 3 .3
Mfnnewvaska 45 3 2-3 3 3 /" 3
Mitchell 46 2¢ 1 2 2 2
Moose 47 2 2 2 2 2
Mud 48 3. 1 3 4 3
Nokay 49 2 2 2 2 2
Pickerel 50 2 2-3 2 2 2
Sallie 51 2 2-3 2 2 2
Salt 52 4 4 4 4 . 4
Sanborn 53, 3 . 243 -3 3 3
-Shagawa 55 1 1 1 -1 1
Shetek 56 3 3 3 4 3.
Spectacle 57 2 2 2 2 2
Spiritwood 58 3. 3 3 3 3
_ Superjor 60 1 2 1 1 1
Tanager 61 2 2 2 2 2
Thief 62 3 1 3 4 3
Traverse 63 3 3 3 4 -3
Trout 64 1 1 1 1 1
Upper Minnetonka 65 2 2 2 2 2
Vernilion 66 1 1 1 1 1
Waubay 67 Rl 3 3 3 3
Wilson 68 1 1 1 1 1



Table 44.

The results of efght cluster -nalyu-a- based on selected

" cozbinstions of eight trophic-state indicators (ISI) for .

63 study lakes in Minnesota. The analyses are based on
standardized variables. The physical, chemical, and
biological TSI are secchi-dise tyassparency in feet (SD),

_ specific conductance in uzho cm ~ at 25C, total alkalinfty -

(ALK) and calcium + magnesium ( D, Ca + Mg in zeq/], nuzber
of net phytoplankton specfes (S), compound phytoplankton
quotient (CPQ), standing crop of phytoplankten (SC) in
individuals/ml, end Shannon's index of diversity (k) in
bits/individual for whole-water phytoplankton comzunities, -

. The analyses are: Run 1 (COND, ALK, J.Ca + Mg, 1/8D);

Run 2_(COND, ALK, 3.Ca + Mg, 1/SD, SC, 1/H); Run 3 (COND,
ALK, 3 Ca + g, 1/SD, CKQ, 5C); Kun & (COsD, ALK, 3.Ca +
Mg, 1/5D, SC, 1/H); Run $ (COND, ALK, J.Ca + Mg, 1/5D,

1/s, CPQ); Run 6 (COND, ALK, J.Ca + Mg, 1/SD, CPQ, 1/H, SC);
Run 7 (A1l 8 TS1); Run 8 (1/S, CPQ, SC, 1/H). The nuzbers
opposite the lakes in each analysis designate the cluster
to which each lake 1s assigned (Types 1, 2, 3, and 4).
Single residuals are indicated ss R and multiple residuals
ag kn. See text for discussion. s :

Rin  1(4) 2(4) 3(4) 4&(4) 5(8) 6(5) 7(5) 8(4)

) Wilson

Lake No.
Alkall - 2 ' :38 Rl R R1 Rl :33 2:
Alkaline 3 3 R2 3 4 4 4 4 4
Ball Club 4 2 2 2 2 2 2 .2 1.
Beaton 5 2 3 3 2 3 3 3 4
Big 6 1 1 1 1 1 1 1 1.
Big Kandiyohi 7 3 3 2 2 2 2/3 [ 2
Big Stone 8 3 R2 3 4 & § 4 2
Burntside 9 1 1 1 1 .1 1 T 1
Carman ‘10 2 2 2 2 2 2 2 2
Chrietmas 11 2 2 2 2 2 2 2 2
Clear 12 2 2 2 2 2 2 2 -2
Clearvater 13 1 b3 1 1 1 1 1 1
Crane 14 1 1 1 1 1 b 1 1
Dead Coon 15 3 3 3 4 3 3 3 4
Deming 16 1 1 1 1 2 1 1 2
Dogfish ~ 1?7 1 1 1 1 1 1 1 1
Eckelson 18 Rl Rl Rl Rl Rl Rl Rl 4
Elk 19 2 2 2 2 2 2 2 1
. Blk. 20 2 .2 2 2 2/3 2/3 2/3 2
Fish 21 "2 2 2 2 2 2 .2 2,
" Frances 22 2 2 2 2 2 2 2 2
George 23 K} | & 4 3 4 4 4 R2.
Gladstene 26 2 2 2 2 2 2 2 2
Green 26 2 2 2 2 2 2 2 2
Halsted 27 2 2 2 R. 2 3 3 3
Heron 28 2 2 3 4 3 3 .3 &
Iron 29 1 b § -1 1 1 1 1 1
Isabel 3 3 3 3 R2 4 3 3 3
ltasca n 2 2 2 2 2 2 2 2
- Josephine 2 1 1 1 1 2 1 1 . 2
Kinball 33 1 1 1 1. 1 1 ) SR
Lazb kI3 1 -1 1.1 1 1 1 1
Little Pine 36 2 2 2 2 2 2 2 -1
Long » 2 2 k) 2 "3 3 3 4
Long 38 3 3 3 4 4 [ 4 3
Lovon 9 12 1 1. 1 1 1 1 1
*. Lower Red 40 2 2 2 2 2 2 2 1
Madison 41 2 3 3 R2 3 3 3 3
Meander 42 1 1 1 1 1 1 1 1
Mille Lacs 43 2 2 2 2 2 2 2 2
Miperal 44 4 L} 4 3 Rl Rl Rl 2
Minnewaska 45 2 2 2 2 2/3 2/3 213 1
Mitchell 46 2 3 3 4 3 3 3 4
Moose 47 2 2 2 -2 2 2 2 2
Mud- 48 4 4 4 3 2/3 2/3 2/3 1
‘Nokay 49 2 2 2 2 2 2 2 2
Pickerel 50 2 2 2 2 2 2 2 1
Sallie Sl 2 2 2 2 2 2 2 1
Salt 52 3 R2 3 4 4 4 4 Rl
Sanbom 53 3 3 -3 4 4 4 4 3
- Shagawa S5 1 1 1 1 1 1 1 1
Shétek 56 2 2 2 4 2 4 4 3
Spectacla 57 2 2 o2 2 2 2 2 2
Spiritwood 58 4 4 4 3 2/3 2/3 2/3 m
.Supcrior 60 1 1 1 1 1 1 1 1
Tanager 61 2 2 2 2 2 2 2 1
Thief 62 4 4 4 3 2/3 2/3. 2/3 2
Traverse 63 2 3 2 R2 4 & 4 3
Trout 64 11 1 1 1 1 1 1
Upper Minnetonka 65 2 2 2 2 2 2 2 -2
Vermilion 66 1 1 1 1 1 1 1 1
Waubay 67 4 4 4 3 2/3 4 4 2
68 1 1 1 1 1 1 1




!

Table 45,

The mean values of the trophic-state indicators (TSI) that were used to classify the 63 study lakes
in Minnesota, and the results of an analysis of variance based on the lake groupings detected ia
three cluster analyses. Numbers in paSintheses indicate the number of lakes in each type. Syz=bols:
specific conductance (COND) in umho cm at 25C, total alkalintty (ALK) and calcium + ragnesium
(3Ca + Mg) in meq/l, secchi-disc transparency (SD) in feet, standing crop of phytoplankton (SC) {a
individuals/ml, compound phytoplankten quotient (CPQ), Shannon's index of diversity (M) for whole~
vater phytoplankton communities in bits/individual, and number of species of net phytoplankton (S).

‘$D, COND, SC, CPQ, H, §).

The analyses are Run 1 (ALK, ZCa + Mg, SD, COND), Run 8 (SC, CPQ, H, S), Rua 7 (ALK, ZCA + Mg,

Rua 1

Lake Type 1an 2(30) —3(8) 4(6) . F-test

ALR 0.374 3.10 ~ 4.98 10.1 81,044

SCa+ Mg 0.446 4,65 17.6 23.7 27.7%%

sD 12.4 5.89 1.15 4.50 8,850

COND 42.4 450 4,402 7,068 10,844

: ‘Run 8 h .

Lake Iype 1(24) 2(21) —3(8) 4(7) F

s¢ 2,662 4,851 49,831 93,746 6.880%%

CPQ 2.312 5.068 6.750 12.3 54,380

] 3.630 - 2.888 - 1.388 . 2,765 - 32,204

s 55.4 40.3 18.9 18.6 22, 748
) Run 7 ‘ )

_Lake Type 1w 2(20) 273(5) 3(8) 4(10) F-test
ALK 0.374 ~ 2.71 8.11 3.59 5.33 67.3a%
2ca + Mg 0.446 © . 2.80 15.3 7.93 25,0 15.5%#
$b 12.4 6.6 T 6.1 3.9 1.8 4,872
COND 42.2 267 2,536 \ 978 6,163 9.00%4
sC -3,840 3,411 2,872 50,102 26,874 42600
ceq 2.32 §.06 3.5 _ 1.8 . 4.8 . 7.38%
8. 3.531 3.289 . 2,968 2.079 2.049 10,644
s 54.3 48.5 39.0 21.4 14,3 18, 94w

Table 46,

**Signi{ftcance at P = 0,05

The mean values of specific conductance in umho co™} at 25C as log,, estimates for the lake
types fdentified 1o four cluster analyses, and the results of Sche*ge'n (1959) multiple
conparison test (P = 0.05). ALL COMBS signifies statistical differences amung all mean
values, except for those indicated. Numbers in parentheres indtcate the number of lakes in
each type. The analyses are: MAJOK SOLUTES (the 7 major anfons and cations); TSI (4
PHYSICAL-CHEMICAL indicators), indicated as TSI (4 CHEMICAL); TSI (4 BIOLOGIC indicatore);
and TSI (CHEMICAL + BIOLOCIC indicators). The composition of the lake types for each
analyses and the specific classificatory variables can be identified in Table 42 (MAJOR
SOLUTES, FINAL) and Table 44 (Run 1, TSI 4 CHEMICAL; Run 8, TSI 4 BIOLOCIC; Run 7, TSI

. CHEMICAL + BIOLOCIC). See text for discussion, ) :

Significant Mean Differences

Anslyses Major Lake Types ) (P=0,05)
MAJOR SOLUTES 1an 226 3an ()
1.625 2,481  3.310  4.250 _ ALL COMBS
TSI (4 CHEMICAL) 1an 2030 8)  4(6) '
Run No. 1
1.625  2.653 3.648 3,849 ALL COMBS, except 3-4
1S1 (4 BIOLOGIC) 124)  202)) YO N Ye ) , _ _
Run No, 8 . )
_ 2,266  2.949 3,276  3.824 ALL COMBS, except 2-3, 3-4

TSI (CHEMICAL § BIOLOGICAL)  1(17)  2(20)  2/3(5)  3(8) 410

Run No. 7

1.625  2.428 3.404 2.990 ° 3.790 A#L COMBS, except 2-3, 2/3-3,
. 2/3-4




Table 47. The resulte of four cluster analyses based on selected
suites of phytoplankton taxa for 68 study lakes in
.Minnesota. The onalyscs are based on presence/absence
data., Run 1 DESMIDS (39 species), Run 2 KET PHYTOPLA:KTON
(167 spectes), DIATOMS (25 species), and Run 4 BLUE GREENS
(29 species). The numbers opposite the lakes in each
analysis designate the cluster to which each lake 1s
assigned (Types 1, 2, 3). The species used as variables

. are given in Table 37. See text for discussion.

: Total LET
Run PHYTO- BLUE

No. DESMIDS PLANKTON  DIATOMS GPEE!S
Albert 1 2 3 2 3
Alkall 2 3 3 3 3
Alkaline 3 3 3 3 3
Ball Club 4 2 2- 3 2
Benton S 3 3 2 3
Big 6 1 1 1 /1
Big Kandiyohi 7 3 2 3 k)
Big Stone 8 -3 3 2 3
Bumtside 9 1 1 1 B |
Carman .10 "2 2 2 2
Christmas 11 2 2 1 3
Clear 12 2 2 2 2
Clearwater 13 1 1 -1 1
Crane 14 1 1 1 2
Dead Coon 15 3 3 2 3
Deming ‘16 2 3 1 3
Dogfish 17 1 1 1 3
Eckelson 18 2 3 3 3
Elk 19 2 2 2 2
- Elk 20 2 3 .3 1
Fish 21 2. 2 -2 2
Frances 22 2 2 1. 2
George 23 3 3 3 3
Gladstone 24 2 2 1 1
Goose 25 1 2 1 1
Creen ' 26 2 2 2 3
Halsted 27 2 . 2 2 2
Heron : 28 2 3 2 3
-Iron ) 29 1 1 1 1
Isabel - . 30 3 3 3 3
Ltasca L k) 2 2 1 2
Josephine 32 3 3 1 3
Kimball 33 1 3 1 1
Lash 3% 1 i 1 1
Lillian 35 2 . 3 2 2
Little Pina 6 2 2 1 3
; Long kY 3 3 1 3
’ long 38 3 3 2 3
Loon 39 1 1 1 3
Lower Red 40 2 2 1 3
Madisoo 41 3 b I o2 3
Meander 42 1 1 1 3
Mille Lacs 43 2 2 1 3
Mineral 44 3 3 2 3
Minnewaska ) 45 2 2 2 2
Mitchell 46 3 3 2 3
Moose 47 1 2 1 2 g
Mud 48 2 2 1 3
Nokay 49 2 2 1 2
Pickerel . . 50 2 2 2 2
Sallie 51 2 2 2 2
Salt . - 52 2 3 -3 3
Sanborn $3 3 3 2 3
School Crove 54 3 3 o2 -3
Shagawa 55 3 2 2 1
Shetek 56 2 3 2 3
Spectacle 57 2 2 1 1
Spiritwood 58 3 3 1 3
Stinking 59 2. 3 2 3
Superior 60 3 k] 1 3
Tanager 61 2 2 -2 2
Thief - 62 2 2 2 3
Traverse 63 3 3 3 3
Trout 64 1 1 .1 1
Cpper Mionetonka 65 2 2 2 2
Vermilion - : 66 1 1 1 3
Yaubay S 67 2 3 3 3
Wilson . " 68 1 1 [ 3




Table 48. The mean values of specific conductance in umbho cn'l at 25C as log,, estimates for the lake

types identified in four cluster analyses, and the results of Scheme'- (1959) multiple
comparison test (P = 0.10). ALL COMBS sigaifies statistical differences aoong all mean
values except for those indicated. Numbers in parentheses indicate the number of lakes
in each type. The analyses are: DESMIDS, NET PHYTOPLANKION, DIATOMS, and BLUE CREENS.
The composition of the lake types for each analyses can be fdentified in Table 47.

Significant Mean Differences

Analyses Major Lake Tvpes (P=0.10)
DESMIDS 1Q19) ' 2(33) 3(20)
1.661 3,299 _ 3,556 1-2, 1-3
KET PHYTOPLANKTON 119 22n 3(28)
1,538 2,521 "3.663 ALL COMBS
DIATOMS 1(31) 2(27) 3(10)
2.638 2.990 ) 3.99% 1), 2-3
BLUE GREENS (13 2(17) . 3(38)
2.113 o228 3.538 AL COMBS
Table 49. The nean values of specific conductance in uzho em”l at 25C as log o estiratcs for the ujé\r)
. types identiffed in four cluster snalyses, and the results of s:helfe'n (1959) multiple ./
conparison test et P« 0.C1 end P = 0.05. The major types are 1, 2, 3, and 4, The lake
groupings are based on MAJOR SOLUTES (a); TSI & Physical-Chemical, indicated as & CHEMICAL
(B); TSI & BIOLOGIC (C); and TSI CHEMICAL + BIOLOGIC (D). The cozposition and size of the
types are given in Tsbles 42 and 43 (MAJOR SOLUIES) and in Tables 44 and 45 (TS1).
o g § 3%
2 g § g £8
o . 3} @ &is
= » - - i
1] (-3 - -~ -~
o o . :
-y [ o [ o4 .
a 3 . 4] 4] H Significant Mean Differences
A B c .
1 1.625 1.625 2.266 1.625 P = 0.05 A-C, B-C, C-D
2 2.481 2.653 2,949 2,428 P = 0.05 None
A P = 0.10 A~C, C-D
3 . 3.310  3.644  3.274 2.990 P = 0.10 Kone
4 4,250 3.849 3.824 3.790 P = 0.10 Nonme -

'

Tsble 50. The mean values of specific conductance in uzho cm

"1 ot 25C as log 0 estimates for the
major types identified in four cluster analyses, and the results o} Scheffe's (1959)
multiple comparison test at P = 0.0l and P = 0.05. The major types are 1, 2, sad 3.
The lake groupings are based on DESYIDS (A), WET PHYTOPLANKTON (B), DIATOMS (C), and
BLUS GREENS (D). The cocposition and size of the lake types for each analyses can be
{dentified in Tables 47 and 48. See text for discussion. )

- . E (2]
L3
; : £ g ° »
H E u Stgnificant Nean Differences
2 g E 5 8 .
i a -3 a [ ]

A . B ¢ D
1 1.661  1.538 2,638 2,113 P« 0.10 Nome
2 5,209 2.521  2.989  2.526 P = 0.10 None
) 3.556  3.663  3.994  3.538 P = 0,05 None

P

A-C, C-D, B-C

[ ]
(-
.

-
o




Table 51. Analysis of variance of net phytoplankton indicators among the four MAJOR SOLUTE lake types
in Minncsota. Number of net plankton specties (S), compound phytoplankton quotient (ceQ),
and the number of desmids (DESMID §).

. Lake Types
Yariable 1 2 3 4 ) 4 Sipgnificant Mean Differences®
s 5.3 45.0 25.3 11.6 19,844 " A1l Cembs '
cPQ 2.33 5,61 6.32 7.30 6.8244 AL Combs except 2-3, 3-4
DESMID § 13.8 7.1 3.5 1.4 19.60 ALl Coubs

#Significance at P=0.01, **Significance at P=0.05.

Table 52. Analysis of variance of net phytoplankton indicators adong three chemical lake types in
Minnesota. Number of net plankton epecies (S), compound phytcplankton quotieat (CPQ),
and the nucber of desmids (DZSYID S). The location and composition of the types are
sinilar to those of the present study. The number of lakes in each group is given in
parentheses. Mean specific conductance values (COND) in umho cmf at 25C are given for

each type.
Lake Types ) - : ' ) i
Variable 1(22) 2(26) 3¢ r Significant Mean Differences®
s 30.7 2741 20.3 3.66% 1-3, 2-3
e 2.5 678 101 - Coagme A1l Combs
DESMID S 8.00 3.4 2.3 D leass 1.2, 1.3
. . . .
coND 60 265 1028 21844 All Combs ;
#*Significance at F=0.05, ** §13n1(icance at P=0,01. . . o . '4]:

Table 53. Analynis of variance of diatom ratios and thefir conponenfa among the four MAJOR SOLUTE lake

types in Minnesota. Relative abundaace of Araphidineae (A ) and Centrales (C_); Stockner's
Ratio (A/CD): number of species of Araphidineac (A ) and Centrales (C); modi?ted A/Ct ratio;
punber of species of Fennales (P); Kygaard's Ratio tc/p), . h

. Lake Types
Variable 1 2 3 4 F Significant Mean Differences®
A, 59.9 36.0 2.0 7.38 6.55%% All Comds
¢ 29.8 59.1 50.1 28,5 323 All Combs except 1-4, 2-3
Alc, 14.8 3.06 10.8 205, 1.09 Fone
A, s.11 5.67 5.00 1.60 2.35 _ None
c, 6.46 . 5.04 5.19 2.00 4,378 A1l Combs except 1-2, 1-3, 2-3
AlCg 1.03 T 1.24 i.n 1.25 0.23 None '
. 16.2 14.0 21.7 16.6 1.27 None
c/p 0.48 0.59 0.43 0.13 2.28 None

4Significance at P=0.05, **Significance at t—D.OI.’

hiaia g
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Table 57. A species faventory
of their distribution in 68 Minnesota lakes,

plankton samples and are designated as planktonic forms
The total number of occurrences (TN) of
MAJOR SOLUTE
The number of lakes in cach
Type 1 (18N), Type 2 (24Y), Type 2 (21N), and
Type 4 (5N), See Chapters 5 and 6 for discussions con=
cerning the composition and characterfzat

(Chapeer 2).

each taxon and 1ts distributfon within the

lake grouplngs are tabulated.
group is:

Specles, varfeties, and forms w
computat{on of the number of ta
calculatfon of the coupound phy
4). The taxa utflized as varla
(Chapter 5) and fn calculations

species (Chapter 6) consist of ¢
closely related forms that are bracketed {n the table,
Taxa oceurring in fewer than three lakes were not used as

of 272 planktonic taxa and a

surmary

All of
these spectes were fdentiffed in the analysis of net

he specfes and their

claésttlcntory variables and were not considered in

indicator computattons.
identification 1s not certain.

Parentheses indicate that the

{ion of the groups,
ere wveighted equally in the
xa per lake and 1n the
toplankton quotient (Chapter
bles in lake classification
on the 4ndicator value of

CHLOROPHYTA

VOLVOCALES
Asterococcus limneticus
Elakatothrix gelatinosa
‘Eudorina elegans
Gemellicystis neglecta
Goniun pectorale
Paulschultzia pseudovolvox

TETRASPORALES

Sphaerocystts schroeterg

CHLOXKOCOCCALES
Actfnastrum hantzschif
[v. elongatun, v, fluviatile]
Ankistrodesmua falcatus
[v. mirabilis)

A.

spiralty

Botryococcus braunii

B. sudeticus
Closteriopsis longissima
Coclastrun cambricum

C. microporum

C. reticulatum

Crucigenia irregularis
C. lauterbornit

C. rectangularis

C. regularis

C. tetrapedia

Dictyosphaerium ehrenbergianum
» pulchellum

Kirchneriella contorta
K. elongatua

K. lunaris

(v. irregularis)

K. obesa

[v. major)

K. subsolitaria

Nephrocytium agardhianum
N. limneticum

N. obesum
Oocystis asterefera

0.

borget

0. elliptica
0. lacustrig

0.

parva

Pedilastrum araneoaum
P. boryanum

P. duplex

P. simplex

[v. duodenarfum}

P. tetras
Planktosphaeria gelatinoaa
Quadrigula chodatig
Q. closterioides

Q. lacustrig
Schroderia setigera

-

Selanastrum bibrajanum

weile
utun

-stif

Tetrallantos lagerheimiq
-Tetraedron caudatun v. longispinum
T. gracile

T. hastatum

T. limneticum

{v. gracile)
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T. winiaum
T. nuticwm
T. plunctontcum
T. fegulare

[v. bifurcatum, v, incus, v, torsum]

T. trigonum
[v. gracile)
Westella botryoides
W, 1lineacts

DESMIDIALES

Closterium acfculare

[v. subpronum)

C. acutum v, variabile
Cosmar{um botrytis

C. contractun [v, ellipsoideun)
C. depressum (v, achortdum)
Hyslotheca dissiliens
Spondylosium plama
Staurastrum anatfnum

S. arctiscon

S. avicula

S. brachfatum {v, robustum}®
S. brevispinum

8. bullardhin

5. chaetoceras

S. cingulum [fo. annulatwm, v,
inflatia, v. obesum]

S. contortum#

S. denticulatum

S. gracile

S. leptocladun [v, donticulatum,
v. insigne, v, ainuatum]#

S. longipes

8. lunatus {v. planctonicum)

S. longiradiatun

S. pentacerun [v, tetraforme]®
S. pingue )

8. planctonteum

S. pseudopelagicum (v. tumidum)
S. sebaldi [v, ornatun)

Staurodesnus crassus [v. broductua]

S. cuspidatus [v. canadenese]
S. curvatus [v. elongatus, v.

_ 1nflatus)

dejectus [(dejectus)]

S. extensus [v. Joshuae)

S. glabrus.

S. leptodernis

§. megacanthua (v, scroteri)
S. subtriangulus [v, inflatus)
S. triangularis

Xaothidium antflopewum {v. canadense,

¥.. polymazum)

X. subhastiferum [v. Johnsonid,
V. toweri]

Cosmar{um abbreviatun
C. humile

Euastrum elegans (v, ornatum]
E, verrucoaum )
Micragterias radiatas
Staurastrum boreale

8. brasiliense [v. lundellie]}
8, excavatum

S. lacustret

S. leptacanthum#

8. longispinum

8. manfeldtiq

Staurodesmus controversus

S. convergens (v, lapportt]

8. corntculatug [v. pelogtcun])

Stauvrastrum pendulun v, pinguiforme

Staurastrum ophiura

CYANOPHYTA

Aphanizomenon flos-aquae
Anabaena affints

A. circinelis

A. flos-aquae

A. macrospora v, robusta
A. planctonica

A. spiroides v. crasga
Aphanocapsa clathrata

A. elachista [v, conferta,
V. planctonica)
Aphanothece nidulang

A. stagnina

Chroococcus dispersus

C. limneticug

[v. diutans, v, elegans)
C. prescotefy
Coelosphaerium dubfum

C. kuetzingfanum

C. naegelianum

C. pallidim
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Stephanodiscus niagarae

Dactylococcopsis fascicularis 5 4 DIATOMS
D. raphidiotdes 2 Melosira ambigua 13 15 8 1
D. smith{i 1 M. distans ? 0 0 o
Gouphosphaeria aponica 19 6 7 3 3 M. granulata 9 3 13 3
G. compacta 9 3 4 1 1 M. granulata v. angustissima (fo. : :
C. lacustris 32 8 12 5 2 spiralis, (M. ftalfca v. tenuissima)]} 4 2 4 1
Lyngbya birget 23 6 14 3 0 M. 1slandica subspec. helvetica 3 1 2 1
L. contorta 8 ] 1 S 2 M. ftalica [subspec. subarctical 5 0 5 4
L. legerheimit 2 Cyclotella comta 1 4 2 o
‘Lo limnetica 19 s 9 4 1 C. glomerata .
Merismopedia glauca 8 0 2 s 1 €. xietzinglana ? 6 1 0
M. punctata 3 3 [] 0 0 €. ocellata
M. tenuissima 14 4 3 ) 2 C. stelligera (v. teauis) 1 ? 4 0
Microcystis seruginosa 51 14 19 15 ‘3 C. striata 0 1 9 2
M. incerta 5 1 1 3 (4} C. meaeghiniana 0 2 1 0
Oscillatoria aghardhit " 20 1 1n 6 2 Stephanodiscus astrea v. ltnutul. 10 11 16 0
0. limnetica 1 S. hantzschit 3 10 9 0
0. redechit 2 $. nlagarae s a 18 1
0. rubescens 2 Rhizoselenia eriensis 3 4 4 0
Rhabdoderna lineare 6 1 R. longiseta 6 4 1 0
Rhaphidiopsis curvata 2 Chaetoceros muelleri [} 0 2 3
Tabellaria flocculosa v, ﬂ.occulou 17 9 3 0
CHRYSOPUYTA Pragilaria capucina 1 10 . 7 0
F. capucina v. mesolepta 1 10 6 0
CHRYSQPHYCEAE . F. crotonensis 1% 19 12 0
Chrysccapsa planctonfica 1 1 0 0 Asterfonella foimosa 17 18 5 [¢]
Chrysosphaerella longispina 9 1 0 0 Synedra acus [v. angustissima] 4 9 12 1
‘Pinobryon bavaricum [v. vanhoeffenit] 14 3 0 0 Nitzschia acicularis 1 6 7 1
D. cylindricun 10 5 3 0 N. longissima [Breversa) [/] 2 1 0
D. divergens [v. schauinslandii] 14 7 2 0
D. pediforme ) 4 [|] 0 0  PYRROPHYTA
D. sertularia {v. protuberans)} 7 2 0 ] i
D. sociale [v, americanum, v. Ceratium hirundinella 45 16 - 20
stipitatum) 9 10 4 1 P. cinctum 2
Hyalobryon borge! v. radiosum 2 1 0 0 P, limbatum 2
Mailomonas acarcides 2 2 0 0 Peridivium willie 28 14 12 2 0
M. caudata 7 7 1 0 P. wisconsinense 7 6 1 ‘0 0
M. elongata 9 9 7 0 " P. fnconspicuum 6 3 3 [} 0
M. fastigata 1 2 0 0 P. volzid -2
M. tonsurata {v. alpina) 6 13 5 0
Stichogloea doederleinii 14 4 0 0 . EUCLENOPHYTA
Synura adansonii
-Synura sphagnicola 3 0 0 0 Phacus helikoides 2
S. uvella 11 1 1 0 P. longicauda ) S
- P. orbicularis 4 0 1 3 0
P. nordstedtid 9 1 1 6 1
Trachelomonas ht.plda 4 ] 4 (4] (1]
T. volvocina 6 3 3 0 0
Table 58, A sumry of frequency (FR) and preference (PR) of selected pla:ktonic diatoms anong Minnesota
lake groupings. The lake types are the sane as those given 12 Table 57, TN 1is the total
number of occurrences. See text for discussion.
Leke Types
Taxon ™ R PR FR PR FR PR FR PR
Asterionella formosa 40 .95 .43 . e75 45 .24 .13 0 0.
Cyclotella comta 17 +61 +65 17 24 .09 11 [} 0
Fragilaria capucina 18 06 .06 42 .56 33 39 ] 0
Fragilaria capucina '
v. mesolepta 17 .06 .06 .42 .59 29 . .35 [+] 0
Fragilaria croteonsis 43 .78 .31 79 .42 57 27 0 0
Melosira ambigua n .72 «35 .63 A1 0 L38 21 .20 .03
¥elosira granulata 46 .50 .20 .88 <46 .62 .28 .60 .07
Stcphanodiscus astrea : )
v. minutula » .56 .27 46 .30 .76 .43 0 0
Stephanodiscus hantzschit 22 .16 .14 «25 A5 4) W41 [} 0
49 - .50 .18 .88 .43 .86 .37 . .20 .02




