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Abstract
,
-Praine saline lakes are cx’lremely .unproducnve: chlorophyli é (Chla - a measure of
algz.xl biomass) levels are low despite ex raordinarnly high concehiralfons of total phosphorus
(TP) and total mitrogen (TN). To evaluate why ‘rﬁes,e sajm:m syslems aré so unproductive
relative to freshwater systems, lh}ee saline lakes (FJuevog, ’Peni-nsma ar;d Oliva Lakes; total
dissolved solids > 5000 mg-1. }) in eastern Alberta were studied intensively in 1983 and 1984
witha todification of analyvtical técﬁnlques developed for freshwaler'. systems. Oliva Lakg
. ! exhibited marked inverse chemical and:thermal stratification ov‘é; the summer; lboth Fluex’?og
and Peninsula [.akes rem‘aineg unstratified throughout the vear. In these three Jakes . >mean
summer phytoplankton Chla ranged from 3 to 10 ug-1. ', mean summer phyl'ob‘emhos Chia was
less than 76 mg-m ’, while mean summer TP and TN ranged from 2000 to 13000 and from 4000
to 11000 wg-1.°7, respeclirvely_ Measured phytoplankton and phylobémhos Chla and
phytoplankton primary production were extremely Jow r’clalive to vahlxies predicted from
measured TP and TN levels and empirical models Qevelop§d for fresh waters. Thus, neither the
phyioplank[on-ﬁ?r_ phytobenthos communities were efficiemly using the high nutrient levels in
, ,«lhg lakes. Allhoﬁgh"algal bioassays with "’P'—PO. and KH@,PO.»indic'aled that phosphorus was
not limityng to algal growth in the lakes, bioassays with KNO,, NH,Cl and EDTA suggested
that ir;brganic m',Lrogs‘n was in demand in all the lakes and that iron was in demand in Oliva
Lake. Ba'e'f{eria densities and zooplankton dry weight were kmarkably' high (> 10" celis-mL}
Q€.

and > 1.0 mg-L ', respectively) in the study lakes relative to values predicted from Chla and
phytoplankion biomass levels and empirical models from freshwater systems. Phytoplankton
biomé;s in the lakes was insufficient to support zooplankton pbpulation growth; bacteria and

detritus were likely a inajor zooblanklon food source.
This s%udy suggests that empirical freshwater models that predict Chla and primary

product_ivity from TP and TN levels, as well as bacteria density and zooplankton diomass from

Chla and phytoplankton biomass levels, are not applicable in prairie saline lakes. In contrast to
; . e
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many {reshwater lakes, TP does not limit algal growth and TN does not appear 10 be a good

estimate of biologically available nitrogen in the saline lakes. The watet budgets sugges' that
2
phosphorus behaves as a conservative element in the study lakes. Cycling of organic matter in

the saline lakes also differs from those in freshwater lakes since bacteria and detrfus. rather
than phytloplankton, appear to be the major source of food for zooplankton. However. high
salinity and concentrations of specific ions, rather than high 7ooplankton and bactena

4 b4

populations, seem (0 be most important in imiting algal growth i the prairic saiine lakes

\ "
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1. General lnﬁuction

Inland saline lakes are a common but lmlc/smtﬂ?d phenomenon of the landscape of
western Canada. Saline lakes are found frowé}éthcrn Manitoba through 1o central Alberta
(Rawson and Moore 1944; Driver and Peden 1977, Barica 1978; Bicrhuizen and Prepas 1985)
and in the dry Interior of Briush (‘olu.mbia (Northcote and larkin 1956: Scudder 1969: Blhinn
1971). In thesc regions, lake e\'apotran§piration rates exceed atmosphernic precipitation rates
and thus there 1s concentration of diss(;lvcd‘salts in many lake basins. T‘hcsc saline lakes arc
important as nesting and feeding areas for mr’gralor,\" wazerfowl and as potenual sites for sports
fisherics and recreation. In view of the varied demands on saline lakes, a Workshop on Praine
l.ake Rcsto?ation (National Water Research Institute, Winnipeg, October 1983) indicated that
the studv of factors controlhing productivity in these lakes was of prime importance 10 the
manag‘gmem and scientific understanding®{ inland saline lakes in western Canada.

Global]),rthere is no clear chemical dgfinilion of a saline lake. Salinc lakes have been
defined as those 1ak¢& with levels of total dissolved solids (TDS) that range frem > 300 to 500
mg-I. ' (Rawson and Moore 1944; Northcote and larKin 1963) io > 3000 mg-L. ' (Williams
1964; Bayly 1967) or even > 5006 mg-1 ' (Beadle 198\1\). These dcﬁpilions of salimity arc
delei,'rmined mainly by a "brackish taste”.of tlie water and thus are fairly arbitrary from a
’biological standpoint. The physi_oldgiéal barriers that pre\//cnl\;: given freshwater specicsl from

living in water above a certain salinity are largely unknown. although most of the organisms
) b E ;

that are considered freshwater species are naturally found in waters with TDS < 1000 mg-I.°

(Beadle 1969): Consequénfly. saline lakes may be most a‘dequa,lcly defined ;{y biological criteria
to have TDS > 1000 mg-L*. Howe'ver, definitions of salinity i})al are based on TDS levels do
not give any x’ﬁfprm&ion on the ionic composition of the wal‘er: lonic composition and salinity
levels ca‘ri ;/'ary*a greét deal between lakes, even within the s:ame physiographic area (Barica

1975). Freshwater lakes can often be located within a few km of highly saline lakes (Binyon

1952).

[y
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Flevated levels of phosphorus are characteristic of many inland saline lakes
(Hutchinson 1937). These lakes are often situated in closed basins at the termenal end of a
dramage system and thus serve as nutrient and 1on sinks. "

Many broad similarities exist between saline lake communities throughout the world.

<
Most saline lakes are simple ecosystems with low species diversity that results from the
physiological constraints of salini%y (Williams 1972). In general, when TDS > 1000 mg-1 *,
the aigal communily is dominated by blue-green algac and dialoms with some green algac (Cole
196%: Hammer ¢t al. 1983)  Benthic algae (phytobenthos) poplxlan’ons alre common in some
shaliow saline lakes with rockv substrates (Castenholz 1960; Wetzel 1964). Macrophvies are
rare in saline lakes with TDS > 8000 mg-1. * (Rawson and Moore 1944). High salimity levels
may limit the abilit; of macrophytes to produce cell walls that are sufficiently thick to limit
injurious salt uptake (Weirich 1974) . Pelagic bacteria, ;n‘imarily chemosynthetic specics, can be
very. abundant in inland saline lakes (i.e. densities up to 10* cells-ml. ' as recorded by Mason
v
1967. Kaplan and Friedman 1970; Wa’ikcr 1975: Cohen et al. 1977; Kilham 1981) and often
rcach densities that are a hundred times those reported for freshwater lakes. Populations of
chemosynthetic bacteria (such as nitrifying and sulfur-oxidizing .species) and photosynthetic
.bacieria (such as pigmented sulfur-reducing species) are especially common a-tl the chemocline
in meromictic saline lakes (as recorded by Culver and Brunskill 1969; Axler et z;l. 1‘978; Cloern
et al. 1978; Lawrencé et al. 1978; HamiltomGa]al and Galat 1983¢ Northcqte and Hall 1953).
“ln"shallo‘w and highly saline lakes (TDS > 10,000 mg-L'), large microbia~l‘populalions are
often associated with blue-green algae in benthic mats (Bauld 1981; Jorgensen ét al. 1983).
Zooplankton and benthic fauna diversity is low in saline lakes (Rawson and Moore 19)44;
'Edmondson 1963) with often only a few species present, such as the brine shrimp, Artemia
salinq. Fish are generally absent from saline lakes with TDS > 10,Q00 mg-L} (.Rvawson aﬁd
Moore- 1944) since the maj'ority of freshw;alér fish ‘s;;ecies are unable 1o withstand the high

osmotic pressures (reviewed by Machniak 1977). Even if fish are present at high salinities, they

might ‘not.be able to reproduce there (Hammer et al. 1,975): Few fish species are adapted to

v
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salintties > 10.000 mg-1 ' "TDS:' examples are the Lahontan cut-throat trout Salmo clark:
henshawt. native 10 saline Pyra;nid lake. Nevada (Tavlor 1972). and vanous cyprninodont {ishes
(Bcadlcv194f};, Barlow 1958).
’ ’Salmil_v levels can vary greatly over time in inland saline lakes due to lake evaporauion
¢ and dilution (Bayl.y and Williams 1966; Cole 1968). In terms of the species compostlion 1n the
lakes, the ability of organisms to be euryhalme {able to adapt to a wide range of sahniuies) s
often more important than the abilu)“lo simply tolerate high salimty levets.

Although there are broéd similarities between saline lake communities. levels of algal
production can vary imrﬁbﬁscl_v among lakes in'different regions. Inland saline lakes in sticrn
Canada are generally unproductive with low levels of phyvioplankton chlorophyll a - a measure
of’lalgal biomass. 1n central Alberta. chlorophyll a levels less than 3 wg-1 ' (oligotrophic
according to Wetzel 1983) have been reported for some saline lakes despite levels of total
phosphorus and tolal nitrogen greater than 2000 wg-1 * (Bierhuizen and Prepas 19%5).
Chlorobhyll a levels decreased significantly as sabinity increased in 18 Alberia saline lakes

-(Bierhuizen and Prepas 1985). Although studies on saline la‘kes in Manitoba (Barica 1978) did
10t show any significant relationships between chlorf)phy'll a and specific conductivity (a
measure of salinity with a rough i:l lin¢ar relationship with TDS at TDS < 300.000 meg-1. ";
’ Williams 1966). algal blooms were limited to lakes with conductivity < 3000 umhos-cm ' lnl

. . N,
" the saline lakes in Saskatchewan studied by Haynes and Hammer (1978) and Hammer (1978 .

F
e

» -chlorophyll a levels’and primary production rates generally decreased to less than 3 ug-1. ' and’
. | X AR
K 300 mgC-m *-d !, ‘respectively, as TDS increased above 5000 mg-L ', even though total

(x/';phosp’horus levels ranged from 200 to 2000 wg-L.'. (My analysis‘of their datz-shows a negative
’ ucorrelation between. primary broduction and salinity: r’ =042, P<0.00l;n = 7. Ihsuffici_cm
data were available for a statistical analysis of chlorophyll and salinity levels in the
Saskatchewan lakes). Saline lakes in British Columbia (quping<1975) also exhibited decreased
phytoplankton prbduction when TDS;increased above 1000 mg-1. ', although the relationship

between salinity and algal production was not quantified.



In éomrast lo ese me.mly"unproductxve saline lakes in \u;estern Canada. studies on
sahine lakes in Austrabia (Hammer 1981). kgypt (Aleem and Samaan 1969). East Africa
(Mclack and Kitham 1974) and the western U.S. (Armstrong et al '1966; Walker 1975; Stephens
and Gillcsp@ 1976) reported very productive svstems with chlorophyll a levels from 10 10 500

”~

ug-1. ' and rates of primary production greater than 1000 mg C-m *-d ' (eutrophic actording

to Wetzel 1983) along with total phosphorus and total nitrogen levels from 200 1o over 2000

ug-1 *. Howcvcr_ factors responsible for the differences in producti¢ity levels between saline
lakes in various regions have vetl 10 be investigated.

Praicie saline lakes in central Alber;a are therefore extraordinarily unproductive given
their high nutrient levels. In this study . three saline lakes in central Alberta with TDS > SOOQ
mg-1 ' were Investigated intensively to determine the possible factors responsible for the low
levels of phytoplankion chiorophyll a. and to determine if phytoplankion chiorophyll a is a
good estimate of primaryv productivity in prairie saline lakes (i.¢. there is no unusually rapndfg

|

algal turnover rates). Phytoplankton growth and chlorophyll levels can be limited b) a number

of chemical and biological interactions. High levels of TDS or specific ions in the study lakes

~

" could depress phytoplankton growth by osmotic stress (Por 1980). Measured TP and TN levels

~might not be good estimates of biologically available phosphorus and nitrogen in the saline

lakes, in contrast to freshwater lakes (Smith 1982); phosphorus or nitrogen would thus be

limiting to phytoplankton groWlh as reported in saline lake studies by Stephens and Gillespie
o

(1976) and Moss (1969). Nesessary trace elements such as iron could be in short supply as
observed in saline Devil's Lake, North Dakota (Shubert 1978). The phytoplankton community
in the siud_v “lake_s might also be out-competed for available nutrients by large communities of

1 ]

phytobenthos (repoftcd from saline Borax Lake, California; Wetzel 1964) and pelagic bacteria

1
. ('reporled from saline lakes in East Africa; Kilham 1981). Unusually .large zooplankton

N
A

communities in the lakes could heavily crop the phytoplankton chlorophyll, as Anderson (1958)
suggested for saline Soap Lake, Washington. Such interactions then, either singly or in

combination, might have important effects on phytoplankion productivity in prairie saline

B
b



lakes

From this study, a picture emerges of inland saline lakes as unique ecosvsiems in

western Canada. Due 1o their importance in the praine biome and their increasing economs
ae L3

importance. inland saline lakes deserve further scientific study.
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1. Evaluation of factors related to the unusually low chlorophvll levels in prairie saline lahes

A . Introduction

While 1nland saline lakes (total dissolved 501‘1d51 - TDS > 1000 mg-1 ) 1o many areas of the
world often have high phyvtoplankton chlarophyvil g (Chla) levels (review of sahne lake studies
in Africa, Austraha and ’western L);.S A : Hamm¥r 1981) such high Chla levels are uncommon
In p,{axrie saline lakes 1n western Canada. Saline Jakes ;n central Alberta (Bierhuizen and Prepas
1985) often gxhibit unusually low Chla tevels (< 10 ug-1 ) relative to extraordinanly high
total phosphorus (TP) and total nitrogen (TN) levels (> 2000 wg-1. ). Chla decreased
significantly as salimty increased 1in the 18 Alberta saline lakes studied by Bierhuizen and
Prepas. l.ow Chla levels have been reported I(;r other saline lakes 1n western Canada such as in
Manitoba (Barica 1978). Saskatchewan (Haynes and Hammer 1978) and in the dry intenor of
British Golumbia (Topping 1975), allpough the relatuonship between Chla and salimity levels
was not quanuified. Low Chla levels thus appear to be a distinct charactenstic of prairic saline

lakes.

Several hypotheses could explain the fow Chia levels in the sahne lakes on the Canadian

prairies:

1. Phytobenthos rather than phytoplankion is the dominant primary producet in these
generally shallow saline systems, as Wetzel (1964) found in Borax l.ake. Californii.

2. Phytoplankton Chla\is.nol a good estimate of productivity fh saline laKes due 1o
unusually rapid algal tutnover rates.

3. Biologically available phosphorus, nitrogen and iron leveéer‘e"m‘f‘ﬁ/ciem]y low 10
dramatically limit algal growth, as reported in some saline lake studies (inorganic
nitrogen ‘limitation by Stephens and Gillespie 1976; iron and inorganic nitrogen
limitation by Shubert 1978; phosphorus and inorganic nitrogen limitation by Moss
1969).

4. Extremely high densities of pelagic bacteria, similar to those regorted for saline
lakes in East Africa by Kilham (1981), are diverting nutrients from the
phytoplankton.

-

v

5. High zodplanklon populations are cropping the phytoplankton Chla at wnusually
high rates, as Anderson (1958) suggested for saline Soap Lake, Washington.

11



To test these f1ve hypotheses. three sahnc"i_akcs in central Alberta (Fiuevog, Peninsula
and Ohiva lakes: TDS > 5000 mg-1. 7)) were studied from April 1983 10 September 19%4
Phytobenthos Chla was measured to determine its refative importance to total algal biomass
Phytoplankton Chla and primary  producuvity  were monitored (0 evaluate whether
phytoplankton Chla was a good estimate of pnimary production and to determine the
relavonstip of these parameters 1o mca;ured TP and TN levels. Phosphorus himitation was
tested by P -PQO, uptake cxperiments on f’reshlf L’()“CCI.Cd lake water and by the addiuon of
KH.PO, 1o laboratory broassavs. Nitrogen, iron and general nutnient himitation were tested by
broassay additons of NH,Cl and KNQO., iron chelate FDTA . and soil extract solution SSP)_
respectively. To estimate bacterial abundance and the relative contribution of ‘bacteria to
scecondary sooplankton production (on the assumpuon that the majonty of bacteria were-
autotrophic as 1s true for other sahne lakes, ¢ g. Kaplan and Friedman 1970 and Cohen et al
1977). pelagic bacteria populations were enumerated. To evaluate the impact of zooplankton
grazing, rooplankton dry weight and population nurabers were monitored and compared to

phytoplankion biomass. The data collected on the three saline lakes were then compared with

cmpirical models developed for freshwater lakes. \

B. Methods
Field collection

The three study lakes were chosen on the basis of their wide range of salinities,
phytoplankton Chla levels (Bierhuizen and Prepas 1985) and accessibility. Biweekly visits were
made to each lake from April to September 1983 and 1984, and monthly visits were made over
the winter of 1983. On each visit, vertical profiles of temperature ;vere measured at a main
station defined as the deepest site in the lake. Similar ;ertical profiles of spécif ic conductivity
(a measure of salinity roughly comparable with TDS; Williams 1966) were measured in 1984.

Both conductivity and teinpcrature were determined at 0.5-m intervals in Fluevog and

-
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Peminsula Lakes and at O 25 m tntervals in Riva Lake from the surface 1o within § 28 m from

the lake bottom with a Hvdrélab TC -2 metr

The trophogenic zone was defined as Twice Sewchs
depth in Flaevog and Pcmr;sula lLakes In Oliva Lake, as Secchs depih equalled mavimum lake
depth. the trophogenmic cone was defined to within £ S m of the lake bottom 1o avord colleciion
of boubg’x sediment 1n water sampies from the trophogenic zone  During e free periods.
changes 1n lake volume were estimated by changes n water level recorded on a permanent
marker in each lake. The lakes were hand sounded in Auguec 1903 10 determine basin
morphometry. Surface areas of ihe lakes werc dclermmcd from 150000 topographic maps and
1:5000 acial photographs Drainage basin arcas were determraed from 1:50 000 topographic

maps. \

Water samples for analysis of phosphorus. nurogen and phvtoplankion (hia were
collected on each visit from three stations per lake, including the main station lmégralcd
samples from the trophogenc zone were collected from the three stations with weighted Tyvgon
tubing and pooled into one samplie. Water samples were stored 1n Nalgene bottles as described
i Prepas and Trew (1983) and were refrigerated prior 10 analysis. 'hom Mar‘ch to September
1984, discrete samples for determination of dissolved oxygen conccnlfallon (DO) were collected
from the water column z;t the three stations with a 1.5-1. aluminum drop-sleeve water bottle, at
0.5-m imcrvals‘fr‘om the lake surface to within 0.7 m of the lake bottom. The samples were
stored in 50-ml. glass-stoppered bottles and analyzed within 2 h. Samples for determination of
phytobenthos Chla were collected monthly from April to Sepler‘nbcr. 1984: a 500-ml.
polyethylene collectioh bottle, squeezed to expel air and provide suction. was connected to a
polyethlyene tube that was moved over the surface of the lake sediments to suck ij the top 2 1o
3 cm of sediment and attached algae (Eaton and Moss 1966). Four to five samples were
collected from each of two strata - a shallow stratum < 0.5m depth and a deep stratum > 0.5
m depth, and the material Vpooled to makg one sample per stratum. Shallow sediments wcrc‘

collected directly from marked areas while deeper sediments were collected with a 4-barrel corer

(Hamilton et'al. 1970) -and the top 2'10 3 cm of each core sampled. All collected material
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% (sediment, phytobenthos, plus some’ lake water) was stored “in 50-ml. glass jars and

** refrigerated®rior 10 analysts.
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“g"* ~ To esumale bacteria and zooplankton densities in the trophogenic zone, water samples »
. A Al

were collected from 1 m below the surface of each lake. This depth was chosen as being
. & &
rcprc.scmauv( of the trophogenic sone. As well, bacterial dgnsities could be more easily
3 P
compared wuh literature values since ! m is the most common sampling depth for bacteria
. LR

studhies (Bird and Kalff lé84). Batteria were collected monthly from April to August 1984 at
the main station wi;h:‘a 1.5-1. wateg bottle, zooplankton.were collected biweekly “daring the

0. < -
i - free scason at three stations with a 40-1. Schindler - Patalac trap (Schincler 1969) fitied with

an 80-um Nitex ner. For bacteria counts. 15 ml. of walerswas placed in 20-ml. polyethylene )

~wvials and preserved with™ 5 ml. of 40% phosphate buffered formalin pre_filicred through a

(.45 -um Millipore membranc filter. Zooplankton were either stored in 75fm1.‘Nalgenc bottles
for dry weight determination or preserved with chilled 2% formalin with 6% sucrose (Prepas
197%) in 10-ml. glass vials for species identificaticn and enumeration. Zooplankion gut

contents were determined on one sampling date; ten-macrozooplankion of each species wer(

'x

4 '
anacsthetized with carbonated waler prior to preservation (Haneywll 1973).
s .
&
In 1984, primary production was determined biweekly at thepain station in éach lake.

Water samples were collected from the appropriate depths, filiered through an 80-um Nitex net

1o remove large zooplankton, and placed in 100-mL glass-stoppered light and dark bottles. Sets

of two light and two dark bottles were suspended at 0.5-m intervals frofi 0.2 m below the lake

"surface to within 0.5 m of the Jake bottom. Primz/ny productivity was measured either as carbon

uptake with inocula of 0.5 to 1.0 mL NaH"CO, (1.5 MBq-mL™*) per bottle or as oxygen

cvolulion, Incubatjons took place between 0830 to 1400 and lasted 3 or 4 h. Immediately after

incubation the bottles were stored in a light-tjght container for 1 h prior to laboratory analysis.

' -

Lagéﬁglory analysis
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Within 48 h of coHection, integrated water samples were analyvzed for turbidity (Hach

Model 2100a Turbidimeter). alkalinity (mg-1 ' CaCQO,; potentiometne method of Fnvironment

-

Canada). pH (lsher Accumet digital pH mclrcq), and specific conducuvity (at 20 °C \‘Sl
‘Model 3 \Conducuvily Bridge). Storage contamers and glasswarce for chemical analyvses were
dcaned as.n Bierhuizen and Prepas (1985). Glassware used 1in expenments with radiosotopes
was soaked Tor 24 h in 2% Decon-75 (BDH Chemicals).and then cleaned as other glasswarce.
Water samples for phosphorus determination were analvzed as total phosphorus (TP
fil(crgd through a 243-um mesh Nitex net) and total dissolved phosphorus (TDP | filtered
through a pre-rinsed 0.45-um HAWP Millipore membrane filter) by the potassium pcr_sulfalc
method of Menzel and Corwin (1965) m>odificd by Prepas and Rigler (1982). and as soluble
reactive phosphorus (SRP: mlcreq as for TDP) by the mo!ybdcng{n blue method of Murphy
9
and Riley (1962). All samples wcfc filtered within 6 h of collecuog, TP and TDP
determinations were made within 48 h. SRP determinations within 24 h. To determinc whether
a significant amount of particulaie phosphorus could pass through the 045 unr filter size,

~

replicate water safnples were filtered through the 0.45-um filters anlj 0.20-um Nuclepore
polycarbonate fi]lcrs.rrllomhly from June 1o August 1982. Differences in dissolved phosphorus
concentrations between TDP estimates averéged 0.5% with a maximum of 3.4%. The cstimatcs
were stdlistically indistinguishable forgail lakes: probabilities for cach lake were calculated for
the difference between T,_DP estimates with the two filter sizes for cach date (two-way
ANOVA‘) then, singg sample-size was so small the probabilities were combined for all lakes with .
X = 324, df = 6, P> 0.75 (Sokal and Rohlf 1981 Box 18.1). TDP < 0.45 um (henceforth
.simply TDP) thus. accurately represents dissolved phosphorus in the lakes. While TP levels in
the saline lakes reached 16,000 ug-L °*, thc‘analylical lcéhnique used for determination. of
phosphorus was non-linear for TP levels > 500 ug-1.'. Consequently, ;Jvater samples from tﬁc
saline lakes Wfre diluted with double distilled water (DDW) in a ratio of 1:10 for Fluevogeand

Peninsula Lakes and 1:50 for Oliva Lake. Samples for nitrogen determination 'were analyzed as

‘total Kjeldahi nitrogen (TKN) and ammonia with the phenolhypochlorite method of Solorzano

-
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(1969) and as nitrate-nitnite (NQO,-NQO.) with the cadmium-copper reduction method of

Stainton ¢t al. (1977). with lvechmqucs .dcscribcd in Prepas and Trew (1983). To be within the
working ran.g'c of the analyvucal techmques employved. water samples for TKN determination
were diluted with DDW an ratios of 1:3 for Fluevog and Peminsula Lake and 1:5 for Oliva
lLake Total hllrogcﬁ (TN) was calculated as the sum of TKN and NO,-NO..

bor phytoplankton Chla determination. water samples were filtered through Whatman
GE/C filters, frozen and analyred within 2 wk of collecuon by the ethanol extraction technique
of Ostroksky outhined in Bergmann and Peters (1980) with no corrections for phacophytins
- For phytoplankton species identification, 75 ml. of the original sample were preserved with
lugol’s solution, then observed ;mdcr a Wild M40 inverted mic¢roscope. Within 48 h of
collection, the phytobenthos samples (pooled per stratum) were thoroughly mixed in the
collecuon jars 10 produce a slurry and the volume recorded. A subsample was placed in a
20-ml. culture tube with 10 ml. ethanol for 24 h ethanol extraction. Samples were then placed
in 50-ml. plastic cenlr-ifugc tubes and spun fcr 10 min at 3200 rpm and 1500xg Relative
Centrifugal Force in an Internauonal Clinical Centrifuge Model Cl. to separate the sediment
and algal chlorophyll. The overlving water, diglodgcd algac and chloroph}.llr were placed in
20-ml. culture tubes and Chla was measured as outlined for phytoplankton. Thgr;pare the
relative importance of phytobenthos to phvtoplankton, phytobenthos Chla was first ébqvcrled |
10 an areal estimate (mg-m . stratum weighted) then to a volumetric equivalent (ug-L ‘)“
assuming the phytobénthos (ug-stratum ') was mixed into the water overlying each stratum.

Samples for bacterial analysis were diluted with DDW in a ratio of 1:S and filtered
onto 0.20-um Nuclepore polycarbonate filters. Samples were then enumerated within 2 wk of
collection by D. Bird (McGill Univ.) with the epifluorescent DAPI stain method (Coleman
1980). To determine zooplankton dry weight, the sample volume was recorded and subsamples
were filtered onto pre-weighed and pre-dried Whatman GF/C filters within 12 h of collection.
The filters were frozen for up to 2 wk, then oven-dried at 60 °C for 24 h, coeled in a desiccator,

and weighed on a Cahn Model G-2 Electrobalance (similar to Gurtz et al. 1980) with a
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measured error of 2 009 mg. Zooplankion species were idenuified and enumerated m 4
modified plexiglas Bogorov counung chamber (Gannon 1971) with a Wild M3 dissecting
microscope. For abundant species. subsamples containing a mimimum of 100 individuals were
counted while for rarer species the entire sample was counted
Analysts of DO by the Winkler technique (Carpenter 1965) and analysis of **C primarn
productivity by the acid-bubbling techmque (Schindler et al. 1972) were no‘l suttable for this
study since the addition of acid to the saline water caused effervescence and loss of sample DO
was determined with the Miller method for inland saline waters (Walker ¢t al. 1970). For
bluevog and Pemmnsula lake, '*C primary productuvity was sausfactorily analvred ;Hcr
filtration and aad-fuming (Lean and Burnison 1979); the relavonship between filtered volume
“and DPM (isotope disintegrations per minute as measured on the sanullation counter) was
lincar as long as a maximum 30 ml. of inoculated sample was filtered. After filtravon. the
filters were fumed for 2 h in glass sainullauon vials then S ml. of Brav's sanulfaton fluor
(Bray 1960) was added and the samples wcfc couﬁled on a Tracor Analvtic Mark 111 6¥¥]
’ Liquid Scintiflauon Counter with an automatic quenching correction. For Oliva Lake. primary
productivity was estimated by changes in DO, these changes were converted 1o carbon uptake
with a Photosynthetic Quotient (PQ) of 1.2 (Cole 1983). With both the '*C and oxygen
methods, primary productivity was calculated as light minus dark botte readings. In Ohva
{.ake, *C primary productivity could not be determined since biological uptake of carbon was
obscured by high chemical uptake (> 1500 mg C-m*-h '). Carbon uptake rates i‘n Qltva l‘.akc
water "killed” with concentrated formalin were statistically indistinguishable from uptake rates
in water tha{ received no formalin (paired t-test: ¢, = 1.78, P > 0.10). In Fluevog and
Peninsula,Lakes, watel’ samples killed with formalin had low chcmic?/ uptake rates 6f carbon
(~< 20mgC-m”?-h ). )
,Orlhoph:c;sphate uptake rates were determined in each lake with garricr-free 1P -PO,

(New England Nuclear) five times over the periods from June to August 1983 and April 10

. August 1984. For these assays, replicate experiments in which 1 mL of **P-PQO, (74 KBq-mlL. *)
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was added 10 300 ml of lake water. were run for 3 - 6 h at lakeside and for up 134 d in the
laboratory. The assay method of I,ca;l and Riglet (1974) was shghuy modified: Millipore
Swinnex 25-mm disc filter holders fitted with .45 -um HAWP ?v;llllporc membrane filters were
used for filtraton. Filters with labelled lake water were placed 1in polycethylene scinullation
vials, 5 ml of Bray's Fluor was added. and the samples counted within 4% h on the scinuillation
counter . The *P-PQO, tracer batch was assessed in uplake cxperimgn;s with water from two
freshwater lakes in Alberta; orthophosphate turnover rates were rg})\i&\(as previously reported
by Prepas 1983) indicating that the tracer was available for algal uplake. lLaboratory bipassavs
to determune factors limiting algal g‘row(h in the study lakes were run with water collected from
the trophogenic zone; all cxperiments were rcpeal;d twice with 3 - 4 replicates per trealment
{expenment 4 control). lake water filiered through 045-um filters. together with an
unfifiered inoculum of native algae plus the bioassay treatment. was placed m 250-ml
Erienmeyer flasks beside a window that received .f"ull sunlight. Samples were shaken twice daily
to prevent algal sedimentation and incubated for 2 wk prior to Chia analysis. Phosphorus,
inorganic nitrogen, general nutrient and iron limitation wete tested by additions of KH,PQ, in
phosphorus levels double the TP concentrations in the lake comr(;ls, either KNO, or NH,Cl in
nitrogen levels 1.5, 2 and 4 times the TN concentrations in the controls, soil extract solution
(SE; prepared by autoclaving garden soil in DDW; Ca;michael and Gorham 1974) in levels of
20 mL SF per L of lake water, and iron chelate EDTA in levels of 0.2 and 0.4 mM per flask,
respectively. EDTA has been used Lo increase ferric iron solubxlu) and bio-availability in
previous limnological studies (e. g Shubert 1978, Murphy et al. 1983).

_Zooplanklon grazing experiments were perfor'med twice from June to August 1984 in
Fluevog and Oliva Lakes. For these experiments, water was collected from 0.2 m below the lake
surface and filtered through an 80-um Nitex ne"t into 100-mL glass-stoppered bottles. In the
two experimental bottles, large grazers (cladocerans and copepods in Fluevog Lake and Artemia

in Oliva Lake) were added in densities equal to those in the lake the previous week (see

Appendix E, Table E10), while no zooplankton were added to the two. control bottles. The



bottles were suspended at 0.2 m below the lake surface for 2 h. The short incubation time was
consistent with other grazing studies (4 h: Gulati 1975: 2104 K Hargis 1977). }'orm;a)._‘
calculations indicated that if each 25 ug dry weight of zooplankton required 002 mg (Q'd “lor
maintenance and growth (after Lampert 1977, see Results) then the 2 h incubation would be
sufficient to see a measurable effect of grazing on algal Chla levels in the bottles with the
zooplankton densities uscd: of at least 50% 0( th contro! Chla levels 1n Fluevog Lake and up 10 -
100% 1n Oliva lake. The short incubation ume would mimmize the build up of bacterna
popuiations as well. After incubation, samples were preserved with 1 ml of concentrated
formalin and anal)'zéd for Chla. Addiion .()f formalin did not interferc with Chla analvsis: 1n
,l.aboralor-} test, Chla readmgs’wcre ;1mllaI for samples with and without formalin (unpaired
Liest f. = 048, P - 0.64) | ' | s

*
Data mantpulations

Mean growing ‘season {May 1o Se;uem'bcy) phosphorus, ni{rogen‘ and ph)‘t(;planklon
Chla levels were calculaﬁed as averages of the integrated samples collected from the lro;m);cnxc
cone. Mean growing season rates of primary productivity (V) were calculated from daily valucs
which were volume weighted over the trophogenic ‘;.one. Whole lake conductivity estimates were
‘calculaled from data from discrete samples, volume weighted over the water columu. Measured

.

mean growing season Chia ari‘rl V.";_' values were compared to values predicted by the empirical
models of Smith (1982) and Smith (1979). the former model based on TP, TN and Chla data
from 127 freshwater lakes, aﬁd the latter based on TP, Chia and V data from 49 freshwater
lakes. Measured summer densities of bacteria were compared to those predicted by Bird and
Kalff's (1984) model based on bacteria and Chla data from 39 freshv@’r, marine and
estaurine systems. Measured mean growing season zooplankton biomass was compar;c):d 10 that
predicted by McCauley and Kalff's (1981) model based on zooplankton and phytoplénkton

* biomass data from 17 freshwater lakes. Zooplankton dry weight and Chla were converted to

wel weight and phytoplankton biomass, respectively, as suggested by McCauley and Kalff
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(1981). 95% and S0% confidence limits for points outside the regression data sets were
calculated about predicted Chia and V values with data from Smuth (1979) and V.H Smuth
(Unmivof North Carolina unpubl ), in somie cases 95% confidence limits were 100 wide 1o be
meaninghul, since predicted values were far outside the oniginal data set. Similar 95% confidence
limts were calculated about predicted bactena densities with informauon from Bird and Kalff
(19%4). and about McCauley and Kalff's (1981) phytoplankion - zooplankton reclanonship
from Prepas (1984). The empinical models described are listed 1in Appendia D,

Statistical analvses followed Snedecor and Cochran (19%0) and Sokal and Rohlf (1981)
and were Eg}ormcd with BMDP statisucal software on the Amdahl corﬁpuler 58075860 at the
’ Unwversity of Alberta. Data collected 1in 1983 were similar to those collected 1n 1984 unless

otherwise stated.

C. Results

Description of the study lakes

The three saline lakes - Fluevog, Peninsula and Oliva - are located in aspen

prairie-parkland 150 km cast of Edmontom, Alberta (Fig. 2.1) and are surrounded by a‘mixturc
of ranch land and cultivated fields (primarily canola an¥ flax). Annual rainfal/m the region
averages 300 mm while annual lake evapolransbiralion averages 600 mm (Fisheriés and
Environment 1978). Average summer wind speeds ~aré 13 km-h! (Environment Canada 1984).
All of the lakes were shallow (mean depths 1.3 - 2.1 m) with small surface areas (< 140 ha -
Table 2.1} and simple bowl-sha;x:d basins. There were no pen;xanem_ surface inflows or
outflows from the lakes (see Appendix B for morphometric maps of the lakes). Drainage basin
areas were 307, 1870 and 376 ha in Fluévog, Peninsula and Oliva Lakes, respectively. Average
summer turbidity was less than 15 JTU in Fluevog.and Peninsula Lakes and less than 2 JTU in

Oliva Lake. The average summer Secchi Disc (SD) readings in both Fluevog and Peninsula

Lakes were between 0.6 and 0.8 m. while in Oliva Lake, the SD was always visible on the lake
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Figure 2.1: The location of the three saline study lakes in Alberta.
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lable 2.1 The location and morphometry of the three saline study lakes.
I.ake Iat l.ong Max Mean Surface
Depth Depth Area
("N) W) (m) {(m) (ha)
N
Fluevog S2Ts0 111197 2.1 14 32
Peninsula 52782 1117 29° 3 21 13%
Oliva S0 1117 36" 1.7 1.3 52 ~




ttom at 1 610 1.7 m The three lakes are thus disuinat from the highly turtbed Cargdlotrophic)
saline system 1n central Alberta studied by Daborn (1975)
Average summer conductivities ranged {from 9. HX) and 13300 umhos-¢m ¢ an Fluevog
and Pemnsula Lakes. respectively . where Na® and 50,7 were the domuinant tons, 1o 85 000
umhos ¢m * 1n Oliva Lake where Na'. SO and CO." were the domunant 1ons (Details of
1onic composition and TDS lcvcl(are in Bierhuizen and Prepas 1985 TDS in Ohiva Lake was
overestimated duc to water rctem}én and crvstailization in the highlv saline samples. Amencan
Public Health Association 19%1). Mecan summer 1ron ;pngcmrauons were 210 1.5 and 0.6
mg-I ' n Fluewog, Peninsula and Oliva [akes, respe¢uively (Bierhuizen and Prepas 19895)
Both Fluevog and Peminsula Lakes were isotherinal over the year (Figs 2.2.2.3and 2.4) Onbh
Oliva Lake exhibited inverse summer straufication based on vcrma/l profiles of conducuvity and

™~

temperature (Figs 2.4, 2.5 and Appendin A)  The lakes were never ahoae from March to
{ .

September 1984, DO levels were always > 3 mg-1. ' (big. 2.6) Average summer pH was 9.2,

92 and 99, and alkalinity (CaCQO, mg-1 ) was 2160, 2600 and 22,660 1n Fluevog. Penmnsula

and Otiva lake. respectively. Thus, all three lakes can be charactenized as alkaline, saline

systems. <

Species of plants and animals found in the study lakés were similar 10 those reported
for other saline lakes in western Canada (Hammer et al. 1975; Hammer et al. 1983; R.S.
Anderson, Alberta Environment, pers. comm.) and specics diversity was low as is typical of
highly saline énvironmems (Wiliams 1972). The dominant phytoplankton species were
Micrlacysu's aeroginosa in Fluevog Lak'e_\M. aeroginosa and. Lyngbya Birgei in Peninsula {.ake,
and a Cryptomonas sp. plus small (< 30 um long) diatoms such as Fragilaria and Navicula in
Oliva Lake. Unidentifiable debris in the settling chambers made phytoplankton idenufication
Qifficult. The major phytobenthos species were Rhizoclonium hieroglyphicum in Fluevog and
Peninsula Lakes, and an unidentified filamentous green alga (Pithophora sp.?) in Oliva lLake.
Macrophytes were scarce with only some Ruppia and Carex ;p. present. There were only three

species of zooplankton in each lake: Diaptomus nevadensis, Diaptomus sicilis and Daphnia
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stmilis 1 Fluevog and Peminsula lLakes., and Arterua saltna’ Brachionus plicatilis and a
Hexarthra sp. in Oliva lake. Ephydridae larvac were abundant dunng the summer in Obva

»
l.ake. Hyallela azteca were common in Fluevog and Peminsula Lakes. The lakes were f‘?s(gnlcn

Chla. primary productivity and nutreént levels

Mean ‘growing scason TP, TDP and IN levels were extremely high in all three study
lakes: TP and TN vaned from 2,300 to over 11.500 wg-1 ' and TDP Yrom 93 10 96% ol 1P
TN:TP rauos (by weight) were low, ranging from 0 9 to 1.7 STablr 22») Despite the extremel
high TP and TN leveR, mean growing scason phytoplankton Chla levels were eatraordinarihy
low 1nn all the lakes (< l'(J ug-1 ': Table 2.3). Phytobenthos Chla levels were also low (mc;n
areal estimates < 72 mg-m ° and mean volymetnc equivalents < 50 wg-1 ' Table 2.3y In
Ohv% f.ake. phytobenthos was considerably more abundant than phvtoplankion (50 compared
l-O 4 ug-1. '), whereas in the other two study lakes. the two algal communities were of similar
size. However, even the combination of phytoplankton and phytobenthos Chla l‘cvcls (17, 1x,
and 54 ug-1 ' for Fluevog, Peninsula and Oliva Lakes. respectively) were very low relative to
TP and TN levels. The measured Ct;la levels weic compared lO.perlClC’d levels based on 1P
and TN levels and Smith’s (1982) empirical model. The measured phyioplankton Chia lgvcls
were < 2% of the predicted levels and lheAcombined phytobenthos and phytoplankton Chla
levels were < 5% of ‘the predicted val'tixes (Table 2.3). well outside the 50% conf'idcncc‘limm for
the predicted values. Therefore, the combined phytoplankton and phytobenthos communitics
were not large enough (o be a major nutrient sink.

Measured mean growing season r/a:.es,of primary productivity (V) in each lake varicd
from 17 to 156 fng C-m*-d? (Table 2.45. Measured V values were similar to predicted values
based on measured phytoplénkton Chlg and Smith's (1979) empirical model. ln‘ contrast, the
measured V values were 3 1o 4 orders of magnitude less than predicted values based on TP
levels and Smith's (1979) model, and fell outside the 95% confidence limits for the ‘predicted

rates {Table 2.4). Mean phytoplankton primary productivity.:Chla ratios for the growing



\
Table 2.2: 1984 mean growing season total ;hospl{orus (1P), total

dissolved phosphorus (TDP) and total nitrogen (TN) levels in the
trophogenic zonce of the study lakes.

\ . k//'\
lake TP IDP TN TN:TP
(ug 1) (ug 1 7) (ug 1.7)
Fluevog <2310 2.165 3.923 17
Peninsula 3,658 3.502 ) 4,178 11

Oliva 13.304- 12,817 11.517 09



Table 2.3: Comparison of 1984 measured mean growing season phytoplankton and
phytobenthos chlorophyll (Chlg) in the study lakes with predicted phytoplankton

Chla based on measured total phosphoras (TP) and total nitregem (IN) and Smith's
(1982) empirical model. '

<

Lake Phytoplankton Phytobenthos  Phyviobenthos  Predicted Chla S0% Confidence

Chla(ue-1. ') Chla{mg m ) Chlaug-1 *) (ug-1 ) Limits
Fluevog 3 19 14 450 X0 2 600
Peninsula 10 17 b - 700 90 - 3 980

Oliva 4 72 50 2,500 180 - 35,360
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Fable 2.4: Comparison of 1984 mea,s(red mean growing season primary productivity
(V) in the trophogenic zone of thé study lakes with productivity prgdicted from
measured phytoplankton chlorophyli (Chla) or total phosphorus (TP) and Smith's

(1979) empirical models.

I.ake

Fluevog

Peninsula

Oliva

V Observed
(mgC-m "d
32
156
17

V Predicted

from Chla

) (mgC-m '-d )

176

4%

50%. V Predicted 95%
Confidence from TP Confidence
Limis (mgC-m *-d ') Limits
0- 132 23.950 22.100 -

25790
g0 - 270 37.960 35,.040‘ -
40,890
0- 149 13%.280 127,590 -

148,970
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season were 11, 16 and 4 for Fluevog. Peninsula and Ohta lakes. respectively. and were
comparable 10 producuvity ‘Chla ratios for other saline and freshwater lakes (Hammer 19%1.
Wetzel 1983) . Therefore phytoplankton were not turning over unusually fast in the studs lakes
“P PO, uptake was not detectable i any of the study lakes, orthophophate turnover
umes approached + =(lean and Rigler 1974) and thus biologically available phosphorus was
abundant 1n the lakes. In all the lakes, > 80% of summer TP was SRP . In contrast. in
freshwater lakes (TS < 500 mg-1 ') 1in central"Alberta which cover a spectrum of depths and
productivity levels. 1 to 42% of summer TP was SRP (Prepas 1983) In bioassavs with the
saline lake waters (see Appendiy F. Table E&) . the additions of KH,PO, did not increase Cl?la
levels over control levels (sphit plot ANOVA to test treatment effects, with lakes and treatments
as groups and experiment dates as subplots: £, = 0.36. P = 0.27). Addiuons of KNQO. 1n
" nitrogen concentrations 1.5, 2 and 4 umes [N concentrations 1n the lakes mcrc;.jscd Chla levels
by an average of 12. 7 and 1§ umes. respectively aver control levels 1n all lakes. Additions of
NH.CI o m’lro;zcn concentrations 1.5, 2 and 4 umes TN concentrations in the lakes increased
Chla levels by an average of 5, 7 and 10 umes. respectively, over vconlrol levels. In onc
~expeniment with Fluevog Lake water, additions of NH,Cl at the "4 umes’ level caused no
“significant change in Chla levels from control l:vels (a posteriore Dunnett’s lcsl\ with total
MSerror from split-plot ANOVA: P,> 0.05). In the 17 other cas‘es, addition of inorganic

‘

nitrogen signiﬁcam-i_v increased Chla over cohtrol levels (Dunnett's test: F < 0.05 for all lakes,
~1realmenls and dates). Variabilit](in Chla léVels among flasks was grcalcs'l with the highest
A addmorrs of inorganic mlrogcn (1 e. the "4 times' addluon level). Additions of soil extract (SP)
caused no increase in Chla in any of the experiments (split plot ANOVA: F,,,, = 0.53, P =
0.48). Additions of EDTA caused no increases in Chla levels in either Fluevog or Peninsula
Lake water (Dunnelt's test with total MSerror from épl‘it-plot ANOVA: P > 0.05). but both
the 0.2 and 0.4 mM additions of EDTA significantly iricreaséd Chla levels in Oliva Lake water

(Dunnett's test: P < 0.05) by an average of 1.4 and 2 timés. respectively, over control levels.

Thus, only inorganic nitrogen was cyonsisten'tly limiting to algal growth in all the lakes, while



there was cevidence of iron limitaton i Oliva l.ake. Phyvioplankton species present in all
broassay experniments, main® Microcystis aeroginosa 1n Fluevog and Peninsula [Lake water and

vanous small diatoms 1n Oliva Lake water, were speaies found naturally in the lakes

Bucteria and zooplankton

Pelagic bactenal densiuies in the study lakes ranged from 12 X 10 w0 2.3 X 10
cells-ml 0 These denstties are 2 to 8 umes higher than predicted densities based on
phyvtoplankton Chla levels and Bird and Kalff's (1984) emprirical model (Tabic 2.5) and outside
the 95% confidence hmuts about the predicted values. except in Peninsula 1.ake. Most baciena
“n the s[ud,\- lakes were smaller than baciena in freshwater lakes (0 .40 um diameter as compared
with .60 um: D). Bird. McGill Umv. pers comm.). Total bactenia numbers-in the lakes were
probably underesumatgd .sincc baciena tn the lake sediments were not sampied. Zooplankton
were also abundant in the lakes; meafi growing season zooplankton dry weights were 1.3, | 4,
and 8.2 mg-1. ' in Fluevog. Pemnsula and Oliva Lakes. respectuively. Zooplankion wel weight 1n
cach lake was an order of magnitude higher than that predicted from mcasurcd phvtoplankion
biomass and McCan]e) and Kalff's (1981) empirical model (Fig. 2.7). Hence. both bacteria
and zooplankton population$ were larger than expected from -the size of the pﬁyloplanklon
standing crop.

To evaluate whether algal and bacterial populations in the lakes were sufficient to
support the zooplankton populations, daily carbon requirements of zooplankton were compared
1o carbon mass in the algae and bacteria. For minimum population grox;th, zooplankton
populations in the lakes require 1.1, 1.2 and 6.5 mg-L ! of carbon daily in Fluevog, Peninsula
and Oliva Lakes, respecli\;ely. The8e calculations assume that eaqh 25 ug dry wéighl of
zooplankton requires 0.02 mg C-d"* after Lampert (1977) who worked with 25 ug (dry weight)
Daphnia pulex, and that data based on D. pulex can be;applicd to the total zooplankton
community. Combined phytoplankton and phytobenthos carbon levels in the study lakes

(carbon mass = 10 x Chla; Frost 1972) were estimated at 0.17, 0.18 and 0.54 .mg C-L*,

»



Table 2.5: Comparison of 1984 measured mean summer bacterial densities
at 1 m below the lake surface in the study lakes with densities predicted
from mean summer phytoplankten chlorophyll (Chla) and Bird and KRalff’s
(1984) empirical model.

l.ake Observed Bacterna Predicied Bactenia 95%
Confidence
(107 ¢elis ml 1) (10° cells ml 7) [ mits
Fluevog 12 ? s S0
Peninsula 13 6 40150

~

Oliva 23 2040
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Oliva) and data from 17 temperate freshwater lakes anmalyzed by McCauley and Kalff
(M&K)(1981). Solid line represents McCauley and Kalff's el, dotted lines are
95% confidence limits about predicted values outside the mgdel.
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whereas carbon lcwfzs of bacieria popuiations (400 mg O per cell, Overbech 19%0) were
estimated at 045 052 and 092 wg 1 - Fluevog, Peminsula and Oliva akes respectiveis

Thus, aigar populations n the saine lakes could supphv onby » 10 % of the carborn
requrrements for the zooplankion populations, while combined algal and bacieria p(muuuﬁm
would supply 27 1o 60% of carbon rcqulrca‘wnu For freshwater lakes in Alheria that cover g
wide range of producavities (Prepas and Trew 19¥3 A Irimbee and F B Prepas, Universainy
of Alberta. unpubl ). calculations indicats that mean summer phyvtoplankion populations wouid
supphy 61 to 4% of dailv sooplankton carborn reguirements and combmed mean summe:
phyvioplankton and bactenia populauons would supphy 140 10 600% of carbon requirements
Phvioplankton, a major food source for zooplankion in freshwater lakes, s thus insuffiaent o
support the large 7ooplankton populations in the saline study lakes. Therefore. bacteria and
detntus are hkelhv an important sooplankion food source in the study lakes This condusion s
supported by observauons of zooplankton gut contents . in Ohva lLake, Artermia salina were
primarniy feeding on brown matenal (bacteria and detnitus) while 1in Fluevoyr and Pcn’m;ula
lakes, the Daphmia stmults and Draptomus sicilis were feeding equally on brown matenal and
green algal cells. Size ranges of bactenal and algal cells 1n the study lakes were within the range

>

of particle sizes consumed by Artermia (Reeve 1963) . cladocerans (Holtby and Knocechel 1985)
and copepods (Haney 1973).

Despite the relatively high densities of zooplankton in the saline lakes. results from
field experiments indicated that zooplankton grazers do not have a substannalv cffect on
phytoplankton population growth. Phytoplankton Chla levels (Appendix ., Tap‘lc F9) were

!
statistically indistinguishable in bottles with and without,grazers in both Fluevog and Oliva
~
Lakes (split plot ANOVA to test treatment effects, with lakes and treatments as groups and
experiment dates as subplots: F,.. = 2.52, P = 0.17). However, seasonal variation in both

zooplankton dry weight and phytoplankton Chla (Fig. 2.8) offer evidence of zooplankton

grazing pressure. In Oliva Lake, even with low winter light levels, phytoplankton Chla levels

-

increased to 3.5 ug-L ' under the ice as Artemia populations disappeared and krazing pressure
e
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Figure 2.8: Seasonal variation in zooplankton dry weight (ZP, mg-L ) at 1 m below
the lake surface and phytoplankton chlorophyll (Chla.ug-L'!) in the trophogenic zone
for the three saline lakes fromi April 1983 to September 1984. \
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decreased, which suggests that the remova of grazing pressure alidwed (07 increased alga

growih The increased Chla devels, however s were st much fower than would e cvoaed e
based on lake TP and TN Jeveis In Filuevor and Perminsula [akes, simiiar winier deccases on
700piankion populalions were nol marrortd yomereases o Chie lovels (B DR amh

suggests that grazing prossure hed a relatvely smaller offect on algal popuiations

D). Discussion

Lo Clear from thes study that the extraordimanhy high concentraiions of TP and [N
the study lakes are not effecuvely uuhred by the algal commumues Phyvioplankton and
phviobenthos Chla and phyvtoplankton primary productivity werce all much lower than would he
predicted from ambien? nutnent levels and empinical models dg'\'ciomd for freshwater lakes
Freshwater nutrient - producuvity refavonships thus do not appear 1o oe vahid for these prain
sahine systems

TP i« defimutely not limiting algal growth in the saling iakes, 1in contrast 1o mam
freshwater lakes. The neghgible orthophosphate uptake rates and the high SRP levels (a good
measure of orthophosphate 1n lakes with low orthophosphate turnover umes, Peters and
Maclntyre 1976) in the study lakes. combined with the lack of increased algal growth in
bloassa_\'slsplkcd with KH,PO, . suggest that biologically available phosphorus is abundant and
in quantitites well above short term algal requirements. TP may be acling as a conservative
rather than a dynamic element in the study lakes; concentrations cc;uld then be related primanly
to physical processes in the lakesj Seasonal changes in TP in the study lakes (see Appendiy ()
were associated with changes in lake volume: observed TP levels were not significantly different
from levels calculated from a constant TP mass (determined for August 1983) corrected for
changes in lake volume (paired t-test: P > 0.20 for all the Iake,s). As well, seasonal changes in

TP levels and marker height above the lake surface (a measure of lake volume) were highly

correlated (Fluevog r = 0.92, n = 12, P = 0.001; Peninsula r = 0.64, n = 12, P = 0.02;



Doa o o U7 e - Y80 P = L 00I) Avolan joadimgs (14 mg 1P - for the open wales

seaser from Rues and Prepas 1983 supplhied ondy a very small poruon of the measured TP in
Theowaerer cowumn Dhese results support the adea that ailochihonous input of TP was muinimal
and that TP el were allected By phy sial ra:hcr}thar: broiogical processes

TN v abso not hmting to algal growth in the study lakes, based on the extremely high
Chlag levels predicted from measured TN and TP levels and Smuth’s (1952) model. However,
IN i oprammie sahne lakes may 0ot be a good indicator of biologically available nitrogen . Algal
growth appeared to be hmited by inorganic mitroge 1n the laboratory biovassavs, Chla levels
were markedh increased wheno KNO and NH,C were added. However, addinon of general
n-.;xr"*nt SE soiution failed to promote algal growL'h in any ol fhe lake pxoassa\s, mtrogen levels
onothe SE mmoculum were relativels Jow (265 wg-1. ¢ TN). The levels of inorganic nitrogen
needed 1o sumulate algal production in bioassay experiments suggest that nitrogen cv_\'clmg may
be different in the sahine lakes as compared to fresh waters. In the sahne lakes, inorganic
nitrogen might be a useful indicator of biologically available ;li(rogcn, Thé high pH levels in the
study lakes may render’ much of the ammorhia unavailable. At a pH above 9.0, as recorded 1n
the three lakes. 30% of the measured ammonia levels would be ;;rescnl as loxic un-ionwzed
ammonia {NH.) (Trussell 1972) High toxic ammonia levels m1ghi explain decreased algal

' .
growth 1n some bioassays with Fluevog [.ake water when high levels of NH,Cl were added (1.e.
the ‘4 umes’ addition level). Inorganic nitrogen limitation has been proposed in other saline
lake studies. either from aigal bioassays (Moss 1969: Stephens and Gillespie 1976) or from
correlations between inorganic nitrogen levels an%hytoplanklon Chla (Haertl 1976).

Iton limitation was detected only in diva Lake where additions of EDTA" increased
algal growth, a re;sull similar 1o that observed in saline Devil's Lake, North Dakota* (Shubert
1978). High pH levels in Otiva Lake (9.9) could reduce iron solubility (qStumm and Morgan
1981).

The high salinity of the three s}udy lakes could influence algal productivity: some (
micronutrients might be less atailable or algal cells maAy suffer from extreme osmotic stress ‘y

® N
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(Por 19%) The ratto of spec:lie ons (ouid alse nfluenie producing. The unproduliae
sa.nt akes in Alberia are domuinaied by thetons Na SO, and CO (Biermuizen and Propas

J9%N) L as compared with freshwate: iu::s In Aiherig that are domuinaed By Ca oand HOO -
CAlberia Fovironment unpubl ) The onsMg' and SO, are relalivels more :mporiant i che
saline lakes in western Canade {Topping and Scudder 1977 Baria 1978 Hamme: 97
Bierhuizen and Prepas 1985) than in saline lakes in other parts of the world (¢ g Fast Afnia
talhng and Talling 1965 the woestern US A Anderson ®58. Wetzel 1954, Armistrong
1966 and Australia Bayly and Wilhiams 1966) Qutside of western Canada. some saline lakoes
can be eatremely productive with phyvtopiankion Chia levels > S00 ug 1 © despite TS > so0e
mg-1 ° (Melack and Kilham 1974 1n Fast Afrca. Armstrong et 2 1966 and Walker 197510 the
western U.S A . Hammer 19%] in Austrahia). Phyvtobenthos (b:nph\mn) Chla levels > 300
mg-m - have been reported for saline lakes in the western US A (Castenhols 1960, Wetzel
1964) Although the major difference between the unproductive saline lakes of western Canada
and productive sahine lakes elsewhere appears to be the relatuve importance of Mg' and S0,
the effects of specific 1on ratios on algal growth need further investigation '
Some of the low algal productivity in the Alberta saline lakes may be eaplained by
biological interactions with bactena and ¢ooplankton. In the study lakes, bactenial densities are
high relative to the phytoplankion Chla levels and to bactenal densities 1n freshwater lakes
(Bird and Kalff 1984) although similar to dcnsmgs reponied Tor other salinc lakes ( Mason 1967;
Kilham 1981). .The bacteria in the study do not seem l'O be competing with algae¢ for
orthophosphate (low ’’P-PQO, uptake rates in the lakes incorporate both bacterial and algal -
uptake), but they may be competing with algae for other nutrients. Zooplankton btomass in the
study lakes was also extremely high relative to phytoplankton Chla levels. Seasonal variation in
zooplankton‘dry weight and phytoplankton Chla in the three saline lakes indicated péssible .
grazer contro] of algal biomass, particulatly in Oliva Lake, although the relationship is obscured.

by much random variation in seasonal zooplankton and phytoplankton biomass. Nonetheless,

even in the absence of grazers (as in the laboratory bioassays), Chla levels did not increase to

’ '
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the extraordinary high levels that would be expected from the high levels of TP and TN in the
lakes. §0mc other inhibitor of algal growth. possibly chemical, s thus imbllcéled. The field
cypeniments n this study did not indicate particularly heavy grazing pressure. However,
rooplanklon grazing pressure on bactena, although not quantified, was probably high in the
study lakes asa result of,msufﬁcxem algal biomass available for zooplankion population growth
and thus would lessen the measured grazing pressure on algac. In other saline lakes with
rooplankion densities simmlar to those reporled: in this study. removal of grazers from
contatners reportedly increased algal growth although these observations were not supported by
statisnics (A;lderson 1958 Mason 1967). However, these grazing experiments were allowed to
run for an average of 124 h (Anderson 1958) and 120 d (Majon 1967) and thus are difficult to
comparc with the 2 h experiments in this sn;dy. Field observations from other studies _also.
sugécsl that zooplankton in saline lakes, particula.ly Arternia salina. can decrease algal standing
crop 1n small saline systems (Por 1980; Javor 1983). To accurately determiné the role of grazers
In prairic sa.line lakes, zooplankton grazing rates need to be studied in érealer detail.

) Thu‘s,‘lhe cycling_ﬁLet%hnic material in salinc lakes may diﬁer from those observed in
frf:sh'waler 1akes.‘ Algal biomass is a relatively small part of the total biomass of the salipe lakes.
in coatrast to the freshwater lakes in this region, and is iﬁ'sufficienl to maihlain the existing

rooplankton populations. Consequently, abundant bacteria and” detritus are probably an

important food source for zooplankton grazers in the saline lakes, (observed for Arternia salina

in Solar Lake, 'Sinai;_ Cohen, reported in Por 1980), as is occassionally trug for some

ol'igotrophic freshwater lakes (Gulati 1975): Prairie saline lakes are therefore ideal locations for

the study of role of bacteria and detritus in zooplankton feeding.

\

" The low algal productivity of the saline study lakes is thus influenced by a combination
of factors: possiblé inorganic nitrogen limitation, competition for nutrients with large bacterial

populations, and high zooplankton grazing préssure. Physiological inhibitions due to high

salinity levels and the relative concentratipns of Mg?* and SO,”* need to be examined.

[
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. General Discussion

It is apparent from this study that praine saline lakes are bologically and chemieally
unique ecosystems  Despite extraordinanly high levels of both total phosphorus and total
nitrogen (> 2,000 wg-l 7). the three sahine study lakes in eastern Alberia had very low
phytoplankton chiorophvll a levels (< 10 wg-1 ‘). In cach lake, combined levels of both
phytoplankton and phytobenthos chlorophyll @ were < 5% of chiorophvil @ levels predicted
from total phosphorus and total mitrogen levels and Smuth's (1982) model developed tor
ireshwater lakes. Measured rates of phyvioplankton prnimary productuvity ndicated that there
\xas no unusually rapid turnover of phytoplankton populations in the lakes - productivity rates
were similar 1o those predicted from measured phytoplankton chlorophv# a levels in the lakes
and 3 1o 4 orders of magnitude less than those predicted from measured total phosphorus
levels. both predictions based on Smith’s (1979) models for f‘reshwalcr- lakes. Fvidently, neither
the phytoplankion nor the phviobenthos communities were making use of the high total
phosphorus and total nitrogen concentrations in the study lakes.

The disagreement between measured chiorophyll @ levels and primary produclmly“ rates
with predicted values indicates that modé}ﬁ devecloped for freshwater lakes are not approprate
for these saline systems. In the three study lakes. high levels of total phosphorus were probably
representative of biologically available phosphorus, as levels of soluble reactive phosphorus
wére high, orthophosphate uptake rates were negligible, and KH,PO, additions 1o laboratory
bioassays did not s‘limulale algal growth. The high total nitrogen levels were not good indicators
of biologically available nitrogen; total nilfogen did not appear to limit algal growth ‘based on
the empirical models developéd for freshwater systems. Inorganic nitrogen, in contrast, did
limit algal growth in laboratory bioassays. Consequently, total nitrogen and inorganic nitrogen
appear unrelated in prairie saline lakes. Iron limitation was demonstrated for Oliva Lake only
which suggests that iron was sufficiently abundant and biologically available for algal growth in

'Y ”~
Fluevog and Peninsula Lakes.
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Procuctvity differences in saline lakes may be related to differences ino1ons i the
iakes The domunant jons in the study lakes (Mgé SO, 0 CO. . Bierhuizen and Prepas 1989)
differ from the dpminant 1ons in most freshwater systems (Ca' . CO. /7HCO . Rodhe 1949)

“,

Mg' and SO, are also much more abundant i the unproductive saline laked of western
Canada (Harma 1978, Hammer 197%, Bierthuizen and Prcpas 19¥5) compared 1o the productive
Csaline lakes of Fast Africa gTallmg and Talling 1965), the western U S.A. (Anderson 195§, .
s Wetrel 1964, Armstrong ct al 1966) and Austrabiz (Baviy and Willilams 1966) Howcvc;r, the

cract cttects of 1onic ratios and speafic 1ons such as Mg7 and S0.° on lake productivity are not
well understood

Bactena densities and zooplankton biomass 1in the study lakes were both much higher
than capected based on esumates of phytoplankton biomass and models developed f"or
freshwater lakes (1.c Bird and Kalff 19%4; McCauley and Kalff 1981, respectively). Algal

: (
populations in the saline lakes were nsuffictent to support the extremely large zooplankion
populations. Consequently. bacteria and abundant detritus are likely an important sooplankton
food source 14 the lakes. Cychng of organic material thus differs from the situation in most
freshwater lakes where phytoplankton 15 a major sourch of food for rooplankion.

This studw:cprcsenls an important advance to our understanding of algal productivity
mn prairie saline lakes and elucidates ecological differences that eXist between freshwater and
Ealinc lakes. Typical freshwater relationships between. nutrients and productivity, zooplankton
and phytoplankion biomass. and bacterial densities and phytoplankton chlorophyll @ may not
be valid for these unique saline systems. As well, analytical.techniques which work well on
freshwater systems may be unsuitable or require modification in order to be useful for prairi¢
saline waters. This study points to the need for more research on the complex chemical and
biological interactions which relate to algal produétivity in saline lakes and, to a lesser extent, in
all aquatic systems. §mcifically. the effects of the high concentrations of Mg* and SO,* dv

nutrient ‘bio'availabilily and algal physiology need to be investigated. As well, the trophic

relationships between zooplankton, phytoplankton and bacteria in prairie saline lakes need lo'be
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IV APPENDIX A Salinity Gradients 1o Alberta Saline Lakes

Jemiporary saininy gradients, or verial Gifferences nosaiiniy Sovels are ¢ common
. ’

‘rature of mans >haf§g{w and highly saime lakes (totai divsolved soiids TDS 2> SOOG mg-1 )
{Beadic 1943, Cohen et ai 1977 Topping and Scudder 1977, Hamme: 197%)  These salimny
pradipnts result in density gradients. which 1o turn affect lake strai!ication since increased
cncrgy s required 1o mix owater of different densities (Wetzel 1983) [0 g large extent,
regulation of :’hcmmal and biological dvnemics 1n lakes can be influenced by water densiny
differences,  there being hnlc; movemnent  of  water beiween  different density lavers
Consequently . the chermical strauficauon set up by saliminy gradxcms" may have imporiant
cffects on lake productivity and the ¢veling of matenial within saline lakes

The three saline lokes in this Alberta study were all shallow and highly saline. mean
depths rapged from 1 3 to 2.1 m while average summer conductivities were 9400, 13 400 and
88,000 umhos-¢m * in Fluevog. Peninsula and Oliva Lakes. respectively  The three lakes were
sampled from May 1983 1o September 1954 For aillustrative purposes. results from July 16 and
March 18. 1984 were chosen as tvpical summer and winter data. Profiles compiled 1n 1983 were
similar to those collected 1n 1984 uniess oihcrwise stated. Due Lo.thc shallow depths of the
lakes. profiles are represented by only a few points. To nvesugate po‘ssible chemical and
thermal Stratfication in the saline lakes. as well as stratification of phytoplankton populations,
vertical profiles of specific conductivity, temoperaiure, dissolved oxygen (DO). phosphorus
fractions (total phosphorus; TP, total dissolved p ‘ sphorus, TDP-, and soluble reactive
phosphorus; SRP), and phytoplankton chlorophyll @ (Chld) were measured. Most profiles were
measured at 0.50-m intervals from the lake surface to witfin 0.7'0 m from the lake bottom;
1984 summer temperature and conductivity levels in Oliva Lake were measured at 0.25-m
intervals. Discrete water samples for the analysis of dissolved oxygen, phosphorus and’Chla

were collected at three stations with a 1.5-L aluminum drop-sleeve water ‘bottle; the samples

were pooled into one sample and laboratory analysis was as described in Chapter 2.

<
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lake depth (measured as the heght o

99

matker stick above the ke suliac ) o2 volume
In ail the study jahes, seasonad devels of conductvin and leke depth followed wimiar
pattcrns (higo AT) as lake volume decreased over the sununer and marker heigh noreased

there was a2 concurrent increase (0 odake conductinvity However correlations berween

conductivity and marker height evels were sientficant onby for hiva (r G99 I
OO0L) and Fluevog Lakes (7 = G50 12 P CO8)end were not sigmbicant for
Peminsuia take (r = 033 n - 11 P - 027 Lack of inflows and out!flows in the studs lakes

would render both conductivity and lake depth ghly suscepuble o lake evaporanon during the
summer (June (o August) and to we-melt and run of ! dilution duting the carly spring (Mav)
Peninsula [ake was the largest in voiume of the study lakes; lake volumes were calculated as
293, 44 and 68 X 10* m’ for Peminsula, Fluevog and Oliva Lakes, respectively 1in August 1984
when the lakes were hand-sounded. The small changes in lake depth (up to 15 cm) observed in
all the lakes would therefore have relatively tess effect on overall lake volume and the resulting
concentration of salts W the larger Peninsula | ake as compared to the other two study lakes

the % maximum lake volume change from the August 1983 volume was 7. 9 and 11% in

Peninsula, Fluevog and Oliva Lakes, respectivelv. As well, slight inaccuracies in conducuvny\

measurements due to himitations of the conductivity probe would lesscp the significance of
-

conductivity - marker height relationships. TP, which was measured more accurately in the

laboratory (error in TP concgntration of +3% ug-1 ' from three replicates) showed a more

significant relationship with conductivity in all three study lakqs (Chapter 2). Seasonal patterns

-~

» R . . A
between conductivity and lake depth, attributed to evaporation of small water bodies, have been

noted in small aestival ponds in Alberta {White and Hartland-Rowe 1969; Daborn and Clifford

1974) and ghallow sloughs in Saskatchewan (Driver and Peden 1977), although the conductivity

v
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- lake depth correlations were not quantified in any of these studies.

In terms of chemical and thermal stratification. the most saline lake in this study, Oliva
l.ake. differed noticeably from the less saline Fluevog and Peninsula l.akcs({_)ln both Fluevog
and Peninsula I akes. neither temperature nor conductivity were stratified ovc>r the summer and
winter (Fig. A2a.b). Small differences in temperature and conductivity 1n these two lakes
probably result from sampling artifacts. During the winter, seasonal conductivity increased
relative 10 1984 summer levels in both lakes, from 9.000 to 11_5()() umhos-cm ' in Fluevog Lake
and from 13,000 to 16,000 umhos-cm ' in Peninsula lake. 'In Oliva i_,akc. both conductivits
and lémperalurc were inversely stratified over the summer (Fig A2¢) - conductivity ncreased
from 55,000 umhos-cm * at the 1é‘kc surface 1o 70,()00 umhos-cm * at 1.5 m. while temperatures
over the sediments ranged from 1 to 2 “C higher than the surface temperatures. Summer
stratification in Oliva lake was completely broken down by sirong wind acuon dunng the
~autumn. During the winter. neither conductivity nor temperature werc strongly stratified 1n
Otiva L.ake: seasonal conductivity levels averaged 55.000 umhos-'cm P over all dcp'lhs. Freesing
point temperatures in Oliva’ were depressed below -1 °C. The lowered freezing p'j’(r).invl of Oliva

. \
lake is a result of interference of the high solute concentration on ice formation, and 1 lypxcal<‘

of saline waters {Hammer and Haynes 1978). —

’ —_—

Py .

Duriﬁg both winter and sﬁmmer, there. was little stratification of DO levels imeither
Fluevog or Pc_ninsula Lai(e?\(fig. A3). In contrast, in Qliva l.,akc, DQ levels were stratified
0\’(€r ihc summéf, but stratification broke dpwn in autumn and winter stratification was weak
(Fig. A3). S'uvm.mer DO levels at lh;: lake \;ufface -were slightly less tﬁah 80 mg-1.' (110%
satura;ion)'ir}»bqlh Fluevog and Peninsula Lakes, and were slightly less than 6.0 mg-1. ' (110%
saturation) Tn Oliva Lake. Summer DO levéls' in Oliva Lake de_creased noticeably to 3.2 mg-l. !
(75% saturation) at 1.5 m. DO levels decreased under ice cover in all the study la'l‘(cs, 10 less -
than 6 mg-L! (8‘0%A §aturatior‘1)” in Fluevog Lake, less than 7.5 mg-l.';'(85% saluratipn) in
_ Peninsula Lake an‘d léss than 4.5 mg-L" (65% satufalioﬁ) in Qliva-Lakc. (Thci%-oxygén -

. . \ . - ) ]
saturation was determined for specific water temperatures from the tables of Weiss' (1970)
»-:J..’ N Y ! - . :

o B L ) B
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corrected for salimty, with Mortimer’s corrections for elevation from Hutchinson 1957% Thus,
the Jakes were never anoaic.

TP levels also remained unstrat:fied over the ycar\l\n Fiuevog and Peninsula [ .akes. but
were strongly stratifted dunng the summer 1in QOhiva Lake (Fig. A4) In Fluevog and Penmsula’
I akes, summer TP levels at the lake surface were 2,400 and 3.750 ug:l, "and winter TP levels
4t the lake surface increased to 3,000 and 4,500 wg-1. *. respectively. Summer TP levels in Oliva
l ake averaged 14,200 wg-1. ' at the lake surface and increased to 15,200 wg-1 ' at 1.5 m
Summer TP stratification was broken do;vn by autumn wind action. In winter, TP levels in
(Oliva 1 ake were homogencous throughout the water column and averaged 16.000 ug-1 . In all
the lakes, TDP and SRP levels followed patierns similar to TP levels, with > %% of summer
TP 1n the dissalved fraction (TDP) and > 80% of summer TP present as SRP (Fig. A4).

Summer Chla levels 1n all the lakes were most abunQant in the top 0.50 1o 0.75 m of the
wamr'?;%b}umn with surfacuc levels of 2.1, 3.6 and 2.5 ug-1. ' in Fluevog.-Peninsula and Oliva
Lakes, respectively (Fig. A3). In summer, the trophogenic zones extended to 0.6, 0.8 and- l1.6m
on average in Fluevog, Peninsula and Ofiva Lakes., respectuively; Chla was seemingly limited by
light availability (i.e. the bottom of the trophogenic zone) only in Fluevog and Peninsula
L.akes. In winter, Chle levels were generally unstralip_ed in all the lakes; surface levels de;reased
from summer.values to 1.0 ug-1. ' in Fluevog and Peninsula Lakes and increased from summer
values l;) 3.5 ug-1 "in Oliva Lake. .

The oniform vertical distributions of specific conductivity, terﬁper.alure, DO and
phosphorus levéls in both Fluevog anﬂ Peninsula lakes are similar to shallow and less saline
lakes in the.area (J. A. Bierhuizen, University of Alberta, unpubl.) and to lakes'of sirﬁilar
salinity in other parts of western Canada (Driver 1965 in Manitoba; Hammer and Haynes 1978
in ’Sa;ka‘tchewan). Since Fluevog and Penir}sula Lakes are shallow and ai'erage wind speeds in

. - , .
the area are meoderate (13 km-h";_Environmem Canada 1984), summer stratification is

uniikely. In contrast, the more saline Oliva Lake 'ekhibited strong inverse stratification over the

summer. The higher salinity of Oliva Lake water allows-for development of temporary salinity

b3

¢



Fluevog
o 20 2s
| S N U
!
[s 3 IREN a
- os roh -
€ |
10 -
I : [
— : i
a :
w - ol
(@]
20
25

Oliva

1)

61

PHOSPHORUS (X 1000 ug/L)
Peninsula
[Lii‘ 3‘5 . :LO 0_{[[ ’;
::rop \
o
o
: |
¢ & I\ 4
)

Figure A4: Vertical profile§ of phosphorus (ug-L') as total phosphorus (TP),
dissolved phosphorus (TDP) and soluble reactive phosphorus (SRP) for the three
saline lakes on July 16, 1984 (summer).

\

total



gradients strong cnough to resist summer wind action and mixing events. The summer density
gradient forms primarily as a result of freeze out of salts from the ice. (Daborn and Clhifford
1974 Canficld et al. 1983) at the end of the previous winter. These salts sink down to the
sediments to form a bottom laver of salt clearly visible at ice off (pers obs. ). while spring
meltwater produces a more dilute surface layer. As g, result of imuial wind mixing in the spring.
the bottom salts are partially resuspended in solution. The relatively more saline bottom waters

would then remain unmixed with the rest of the water column. Establishment of the salimity

gradicnt allows for development of an inverse thermal gradient. Since saline waters are .-

N
T

A

practically ))paque to infra-red ravs (Sonnenfield and Hudec 1980), radiant encrgy of the sun 1s
partially trapped 1n the highly saline bottom waters with negligible release of heat from water
column circulation. Permanent cases of inverse thermal gradients have been reported in

meromicue saline lakes (Beadle 1943; Anderson 1958; Hammer et al. 1978; Burion 1981). In

(liva l.ake, increased wind action and decreased temperatures in autumn would lead to-the

breakdown of the salinity gradient and the subsequent overturn of the lake.

Summer strau’flca.lion of DO and phosphorus in Oliva 1.ake was probably a direct result
of the temporary salinity gradient that prevented lake mixing, and thus restricted movements of
oxygen into, and movements of phosphofus out of . the bottom waters of the lake. Calculated
phosphorus sedirnentation (fresh water sedimentation rates of 1.5% of summer TP from the

trophogenic zone pér day; Rigler 1973) could account for a large proportion (80 to 90%) of the

.

increase in phosphorus levels at 1.5 m. Such calculations assume that biological sedimentation

rates from productive freshwater systems are applicable to Oliva Lake. However, this

assumption is unreasonable given the low algal biomass relative to high phosphorus levels in the

.
-~

trophogenic zone that are observed in Oliva Lake (Chapter 2). o

Temporary inverse strat‘if ication in the summer is not uncorﬁmon iﬁ shallow lakes “;ith
salinities similar to Oliva Lake. In a study of saline lakes in central British Co]umbgé, Topping
and Scudder (1977) observed temporary inverse chemical and thermai stratification in lakes

\
with mean depths < 3 to 4 m and conductivities > 5,000 umhos-cm™'. Little Manito Lake



(TDS 95.000 mg-1. *) in Saskatchewan exhibited almost permanent inverse stralification
although the strong chemocline was overcome by autumn wind action (Hammer 1978) . as was
the case 1n Ohiva fake. Solar Lake, Sina:. a brine filled basin (TS 180,000 mg-1 ) shielded
from the wind. also exhibited strong mnverse stratification, yet with a bric! peniod of overturnan
July and Scptember (Cohen et al. 1977). In Solar lake, the salinity gradient was cieated
through salt water seepage into the bottom of the basin: mc;rad]cm was destroved when high
surface evaporation rates were able 10 compensate for the salt water input (Cohen ctal 1977)
High salinity combined with mean depths < S 1n many saline lakes thus allows for
the development of a salinity gradient in summer, as in Oliva Lake, but a gradient that 15 finally
not strong enough 1o restst autumn wind action. These lakes conscquen'tl_\‘.arc not permancenth
meromictic. Salinity levels in Fluevog and Peminsula Lakes are not high enough o set up an
initial salinny gradient and freeze out of salts in winter is not pronounced. Alternatively . lake
basin topography may influence the development of a salinity gradient. Saline lakes that are in
unsheltered basins and open to the mixing action of wind are less likely 1o develop sahimity
gradients than are saline lakes 1n more sheltered basins (examples being unstratified Green lake
v.s. stratified Mahoney lake; Northcote and Hall 1983). Fluevog and Pemnsula Lakes
appeared more affected by summer wind action than did Oliva Lake (pers. obs.) - Oliva Lake
was situated in a relatively sheltered basin, while‘ Fluevog and Peninsula Lakes were i morc

open terrain. Salinity level, mean depth and topography therefore will all influence the

development of a temporary salinity gradient.
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VOAPPENDIN B: Morphometric maps of the three saline lakes
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»
V1. APPENDIX C: Seasonal variation of phytoplankton chlorophyll, total phosphorus and
specifjc conductivity in the three saline lakes‘
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VII. APPENDIX D: Regression equations used in thesis
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Table D1: Regression equafions from the literature. (Values in brackets refer to range of
variables in equations). Variables are as follows:

-

Chla - mcan growing scasor chlorephs il a in the trophogenic zone; ug [ °

TP mean growing secason total phosphorus in the trophogenic zone; ug-1

IN — mean growing season total nitrogen 1n the trophogenic sone; ug-1.*

V . mean growing season primary productivity in the trophogenic 7zone;, mg C-m *-d *

Zoop - mean growing scason zooplankton wet weight at 1 m below lake surface; mg-L °
- ) }

Phvto — mean growing season phytoplankton volume in the tropogenic zone; ug-1 °

Bacl = mean summer bacteria densities at 1 m below lAke surface: cells-mi. !

Chia’ = mean summer chlorophyll a in the trophogenic zone; ug-1.*

5
1. log,.Chla = 0.653log, TP +-0.54%log, ;TN - 1.517, r* = 0.76_ © Smuth (1982)
(Chla from 0 10 200, TP from 1 10 1500, TN from 0 10 5000) ’
2.V = 104TP - 79, r* =094 *  Smith €1979)
"« (V from 0 10 2000, TP from 0 to 200 . ;
3.V = 22.9Chla - 42.6, r’ =081 \ " Smith (1979)
(V from 0 10 2000, Chlafrom0t080) - - . _ ' v .
. . . hY
. %" 4.log,Zoop = 0.719l0g,.Phyto + 1.01, r* = 0.74 McCauley and Kalff (1981) © % .
(Zoop from_ 1 10 5, Phyto from 1 10 5) T, ] ’
" . . -
5. log,,Bact = 0.776log,,Chla* + 5.867, r* = 0.88 _ Bird and Kalff (1984)
- (Bact from 10° to 10*, Chla* from 0 to 100) < ’

-



VIiI. APPENDIX L:
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Chemical and biological data for the three saline lakes
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Table E3: *C primary producy'ﬁty data for the three saline study lakes.
Variables are defined as follows:

D = day
M = month
Y = year \
Light = light bottle readings (mgC-m *-h ')
Dark = dark bottle readings (mgC-m *-h ')
+ L(kill) = formalin-killed light bottle readings (mgC-m '-h ')
D(kill) = formalin-killed dark bottle readings (mgC-m *-h ')
Lake D M Y Depth Light Dark I (kill) D(kill) \
, \
)
Fluevog 16 0S = 84 0.2 9 < 29
' 0.5 4 3
1.0 9 4 .
0 06 8¢ 0.2 68 65 65
0.5 12 1% :
i 2
1.5 T2 2
25 07 .84 0.2 28 22 19
0.5 42 32
1.0 44 43 B '
, . - 1.5 58 47 .
22 08 « 84 0.2 55 56 , 42 52
B : . 0.5 51 « 4] 46 4]
1.0 59 62 33 ST
Peninsula 15 0s 84 0.2 23 7 ¥
0.5 20 7
1.0 12 5
1.5 12 .4 £
29 05 84 0.2 27 - 13 8
05 __ 36 f1
1.0 12 10
\ 1.5 4 15 . '
19 06 84 0.2 58 59 51
0.5 69 . 56
) 1.0 62 . 55
A 1.5 68 47
2.0 59 . 50
) 04 07 84 0.2 147 46 45
05 48 64\
1.0 49 . .95
. 1.5 - » 28 49 -~ —
AR = 20 -7 12 19"
: - 24 07 84 0.2 .30 21 - 21
\ 0.5 33 17 '



v
Table E3 (continued)
Lake D M Y Depth  Light Dark™  1.(kill) D(kill)
1.0 30 44
” 1.5 22 34
2.0 30 33
08 08 %4 0.2 64 76 N 59
05 o 75 18 }
1.0 61 .30 s
1.5 68 99
2.0 252 108
21 08 ' %4 0.2 68 55 46 38
0.5 57 46 27 35
1.0 58 27 )
1.5 46 3]
Oliva 14 05 84 0.2 1869 2095 1788
0.5 2315 115
1.0 124 97
28 05 84 0.0 1414
0.2 1180
0.5 1432
1.0 1239
18 06 84 0.2 541 579 485 515
0.5 S69 - 513 627 615
1.0 601 577 574 579
23 07 84 0.2 . 279 161 598
: 0.5 305 176
o : 1.0 591 303 .
07 08 84 0.2 503 564 435 240
. 0.5 557 817 545 451
1.0 1305 1913 * 1352 616
20 08 84 0.2 . 1202 839 797
— 0.5 1322 1146 :
1.0 958 1019
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Table E4: O, primary productivity data for Qliva Lake. Variables are defined as

follows:

D =pay
M
= year

mounth

Light” = light bottle readings (mg O,-L '-h')
Dark = dark bottle readings (mg O,-L -h')
4

Lake D M Y Depth Light Dark

Oliva 03 07 84 0.7 36 3.8

0.5 34 3.8

1.0 3.1 R

23 07 ¥4 0.2 1.7 1.8

0.5 1.8 1.7

1.0 0.9 1.1

20 08 84 0.2 4.4 2%

0.5 4.1 31

1.0 4.] 2.6

’



&

AN

" Table ES: Phytobenthos chlorophyli (Chla) areal estimates in the three saline study
lakes in two strata of sediment depth -
D =<day, M = month, Y

shalion < 0.5 m and deep > 0.5 m.

———

Lake. D

= .
Fluevog 30
— 05
09
Peninsula * 29
’ - 04
“ 08
Oliva 28
' 03
07

05
07
08

05
07

.08

05

07
08

84
84
84

84
84
84

. 84

84
84

Chla

Shallow

(mg-m *)

-

Deep

[N ]
PN OC w0
[ S V)

53
8.4
372

19.%
91.56
1241

R



Table F6: Results of **P-PQ, uptake experiments in the three saline study lakes.

Variables are defined as follows:

D = day B
M = month
Y = year
Time = duration of experiment (min)
%’'P(beg) = %*'P-PO, of total inoculum remaining
in filtrate at beginning of experiment
%*’P(end) = %*’P-PO, of total inoculum remaining
in filtrate at end of experiment
Lake D M Y Time %P (beg)
Fluevog 1% 07 83 -180.97 97.6
134.55 94 9
05 08 83 4303.25 87.5
' 4160. 1N\ 84.0
30 Y05 83 313.00 98.0
288.17 973
0s 07 .84 317.17 98.0
305.25 97.7
09 0% 84 328.33 99.8
314 .42 99.5
- B :
Peninsula 20 07 83 143.75 95.0
: 122.39 95.6
N 29 0s, 84 330.25 96.9 -
313.50 97.3
04 Q7 84 334.00 99.7
321.17 98.6
08 08 84 327.00 998
315.17 98 .2
Oliva 21 07 84 175.00 96.1
28 05 84 331.50 96.9
: 317.50 97.3
03 07 84 321.00 99.8
314.17 99.8
07 08 84 307.33 99.8
-294 .42 99.7

%" “P(end)

97.7
96 .0
95.7
936
97.6
96.5
97.7
96 .4
924
9%.5

949
961
9% 1.
97.7
99.7 -
97.4 -
99.7
993

94 .5
97.9
97.6
99.7
. 973
97.9
99.3

R RN




Table E7: 1984 baclerial densities in the three saline study lakes

(counts by D. Bird, McGill Univ.). D =day. M = month, Y = year.
Lake D . M Y Bacteria
- ’ (10*cells-ml. *)
Fluevog 30 0S 84 10.7
20 06 84 19.2
16 07 84 9.9
22 08 &4 6.7
t
Peninsula 29 0s 84 111
17 06 84 115
16 07 84 9.6
21 T 08 84 193
Oliva 28 05 84 30.0
18 06 84 325
16 07 84 17.8
20 08 84 19.1

-



Table E8: Chlorophyli (Chla) levels in laboratory bioassay addition experiments.

Chla data given are means of 3 -

4 replicates

the standard deviation.

N-RN- RV

o
Variables are defined as follows:
Test = nutrients, ions or solutions added
(SE = soil extract)
Conc = final concentration in experimental flasks of added nutrients,
lons or splutions C .
D = day *
M = month
Y ‘= year
Control = Chla (ug-l. ©) in control flask
Expt = Chla (ug-L ') in expetimental flasks with added nutrients,
lons or solutions
Test Conc Lake D M Y Cantrol Expt
: ) 3
" KH,PO, 2 X lake Fluevog 21 06 85 59 +09 5.7 *1
21 06 - 85 59 +09 5.9 +0
eninsula 21 06 5] 7.2 205 6.8 1
‘% ’ 21 06 85 7.2 415 69 10
Oliva 21 06 85 19.0 1.5 21.7 2
21 06 §s 19D 15 < 19.7 +2
KNO, . 1.5X lake Fluevog 18 07 85 5.5 205 693 £16.3
: 18 07 85 5.5 0.5 1333 +17.8
J. Peninsula 18 07 85 18.2 £4.2 1979 +77. 7
' > 18 07 - 85 18.2 4.2 -111.5242
Oliva 18 07 85 222 %15 190.2 £60.4
18 07 85 222 %15 189.9 £70.5
2 X lake Fluevog 28 05 85 13.8 £2.0 523 +13.8
221 . 06 85 5.9 0.9 .70.8 £5.9¢
Peninsula 16 © 07 84 24.0 £0.7 - 1754 £25.2"
- 21 06 - 85 7.0 £t14 634 9.7
Oliva 01 06 &5 296 126 121.5 £3.1¢
. S 21,06 85 19.0 1.5 111.7 £3.5
4 X lake Fluevog 28 05 85 13.8 2.0 119.5 281"
‘ 21 06 85 5.9 £09 2099 t8.5
Peninsula 16 07 84 24.0 £0.7 207.8 £69.5
21 06 85 70 t1.4 271.5 £57.6
Oliva. 01 06 85 296 £2.6 91.5 £22.0
21 06 85 19.0 £1.5 2764 £68.2
NH.Cl 1.5 X lake Fluevog 18 07 85 5.5 20.5 46.9 122.6
18 07 85 5.5 20.5 45 £7.8
Peninsula 18 07 85 18.2 +4.2 544 £6.5
. 18 07 85 18.2 4.2 274 £4.0¢



Table 8 (continued)

g

B
Test ~ Conc lake - D M Y Control Expt
Olva - 18 07 85 . 222415 70.8 +17.0*
18 07 85 222 £1.5 96.7 7.3
2 X lake 4 Fluevog 28 0s ¥S 138 £2.0 396 £8.4
o 21 06 8S 59409 70.5 +6.36
Peninsula 16 07 84 24.0 0.7 164.9 +43.3:
i v 2106 85 7.0 £1.4 133 0.7
. Oiva 01  ~06 85 296 2.6 .111.7 +14.4°
o 21 06 85 19.0 +1.5 111.8 £3.0°
4 X lake Fluevog 28 05  §S 138 £2.0 37.3 1490
. - 2106 8S 59209 5.8 5.5
° Peninsula 16 07 84 240 £0.7 316.5 £93.0!
\ 2 06 85 7.0 214 2159 +30.0°
Oliva 01 06 &5 29.6 £2.6 79.8 +83.3
21 06 85 190 1.5 200.5 +57.8
SE. 20ml.-1. * Fluevog 30 10 83 5.4 0.7 54415
‘ . 01 06 8 7.2 £1.0 82 %13
Pedifisuli 06 07 84 13.8 £5.3 202 +4.7
A -0 06 85 6.0 £0.5 5.3 +1.0
‘ : ) Oiva 30 10 8 24.4 £33 28.8 +0.5
01 06 85 302 £4.0 29.0 £16.0
EDTA ~ 0.2mM " Fluevog . 30 .10 83 5.4 £0.7 54413
.0 06 85 72 £1.0 54 1.5
Peninsula 06 07 84 13.8 +5.3 19.6 £2.6
0 06 8 6.0 £0.5 7.9 £2.2
-Oiva= * 30 10 . 83 24.4 +£3.3 35.8 +4.8
, _ | 01 . 06 85 30.3 £4.0 37.0 £6.0"
. ) 0.4mM - Fluevog %18 07 85. 5.5 £0.5 5.7 %21
: SR 18- 07 . 85, 5.5 0.5 6.7 0.7
" Peninsula 18 07 85 18.2 +4.2 19.7 £3.7
, 8. 07 85, 18.2 +4.2 19.2 +1.8
ER Oliva 18 07 8% - 22+15 4365 £6:04
F 1807 85., 22215 34.8 £8.8
e . 2y
h = Chla levels that differ significantly (P < 0.05) from control levels. 3
@ _'\ . » . : . S .

%




a8

Table E9: Comparison of chlorophyll (Chla) levéls in 100 ml ﬁqsks (1n suu)
with and without grazing zooplankton. Density of grazers comparable to lake
densities at the time of the experiments. Chla data given are means of 2 -
replicates * the standard deviation. Variables are defined as follows:

D -= day
M = month
Y = year
Time = duration of experiment (h)
Depth = depth of experiment in lake, (m)
Control = Chla (ug-L ‘) in control flasks without grazers
Grazed = Chla (ug-L ') in experimental flasks” with grazers
Lake D M Y Time Depth Control ( Grarzed
Fluevog 05 07 &4 2.0 0.2 42 20.2 45 1023
09 08 84 2.0 0.2 40 20.7 34 20K
e
. Oliva 03 07 84 2.0 0.2 1l +0.1 21102
07 08 84 2.0 0.2 1.5 £0.] 29 +£0.5
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