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Seasonal abundance and life history traits were

compared between populations of the brine fly ERhydra

(Hydrokyrus) hians Say (Diptera:Ephydridae), from two

western Great Basin alkaline salt Lakes. Abert Lake,

Oregon, has a relatively low salinity (20-30 g/1 total

dissolved solids) and more co-inhabitant benthic species

than the higher salinity Mono Lake, California (75-90 g/l).

During a period of declining salinities at both lakes, the



abundance of this osmoregulating insect decreased at Abert

Lake, and increased at Mono Lake. This suggests that

abundance may be maximized at intermediate salinities due

to biotic limitations imposed by competing and predatory

species at dilute salinities, and physiological limitations

imposed by osmotic stress at high salinities.

Experimental rearing of larvae at high salinities, or

reduced algal food supply levels, produced low survival,

prolonged development, and smaller size at maturity. When

food is not limiting, Mono Lake larvae exhibit greater

independence of the inhibitory effects of increased salt

concentration compared to larvae from less saline Abert

Lake. Selection for enhanced salt tolerance may thus have

occurred at Mono Lake, but appears to be limited above 150

g/1 because survival of first instars, and maturation of

final instars are impaired at 200 g/l. Besides direct

physiological effects, increased salinity also reduces

algal growth and may thereby limit food availability to E.

hians.

Heritable differences in body size exist between

populations in addition to environmentally induced changes

in growth and size. Abert flies are inherently larger than

Mono flies, and develop more rapidly at comparable

salinity. Reduction in pupal size severely curtails

emergence, and any small-bodied adults that do emerge

possess only slight lipid stores, and have a low resistance

to starvation. Improvements in algal food supplied to

adults increases the proportion of flies reproducing,



fecundity, and egg production rates. Reproductive effort

has a negative impact on survival only when food is

limiting.

These results suggest that direct and indirect effects

of changing salinity may play an important role in shaping

life history patterns and regulating population dynamics of

the alkali fly.
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COMPARATIVE STUDIES OF THE POPULATION ECOLOGY AND LIFE

HISTORY PATTERNS OF AN ALKALINE SALT LAKE INSECT:

EPHYDRA (HYDROPYRUS) HIANS SAY (DIPTERA:EPHYDRIDAE)

CHAPTER I

INTRODUCTION

In the remote high desert of western North America

there are ancient saline lakes from which no water flows.

Once these were vast inland oceans, rolling between the

rimrock cliffs of the pleistocene Great Basin. Lakebed

desert floor is now all that remains of many of these

pluvial lakes. Some however have persisted. These closed

basins, like the seas, retain the sediments and solutes of

the streams and springs they receive. Millenia of desert

heat and dry winds have evaporated the waters, leaving

salt-enriched brine lakes, or a shoreless expanse of salt

flats. The geochemistry of local drainage basins yields a

variety of dissolved minerals to stream flow, and these

accumulate in different combinations and concentrations

from one lake to another. Lakes of the Great Basin today

are thus a dynamic mosaic of physicochemically varied

aquatic habitats. The organisms that live in these unusual

environments are often subjected to changing salinities,

lake levels, and an altered biological community. The
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extent to which these different ecological conditions may

influence the abundance and life history of a salt tolerant

benthic insect is the subject of the research presented in

the following chapters.

Physiological ecology identifies the external and

internal limitations on how resources are acquired and used

by an organism. The economics of resource use by organisms

has played a particularly important role in the development

of life history theory, and the modeling of ecological

energetics. The allocation of energy and material

resources among the demands of growth, storage, respiratory

work, and reproduction, will form the basis for

developmental, egg production, and survival traits that

characterize life histories (Calow,1978). The rates and

efficiency of resource conversion and transfer between

trophic levels permits the modeling of energy flow in

ecosystems, and the productivity of populations

(Phillipson,1966). Experimental manipulation of resource

supplies and demands may be used to examine bioenergetic

constraints on life history pattern, and suggest mechanisms

regulating population growth. In the research undertaken

here, exposure of the alkali fly Ephydra hians to natural

and experimental variations in salinity and food levels

produce conditions of changing physiological energy demands

and dietary supplies. Field studies compare population

dynamics in lakes of differing salinity. Laboratory

studies document the influence of energy supply and demand

on larval development and adult reproduction.
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Energy required for homeostasis diverts energy from

growth. Thermoregulation, for example, is an important

cost that limits production efficiency in homeotherms. The

energy release required to maintain a constant body

temperature limits that available for tissue growth.

Varied environmental salt concentrations in the habitats of

the alkali fly presents a similar physiological problem to

that encountered by thermoregulators. Several lines of

evidence suggest the potential limitations salinity may

have on growth of E. hians:

(1) Larvae are osmoregulators. Comparison of this ability

in larvae from a more saline lake (Mono Lake,California) to

larvae from a less saline lake (Abert Lake,Oregon) showed

osmotic homeostasis was more effective in Mono Lake larvae

at high salinities (Herbst,1981).

(2) In non-alkaline salt water, E. hians larvae show poor

ability to survive, or regulate blood solutes. Increased

salt concentrations of these solutions were more toxic to

larvae than the same osmotic concentration of alkaline

water.

(3) Survival of larvae is substantially reduced at and

above a salinity of ca.200 g/1, and development into the

pupal stage is delayed with increased salinity. This

corresponds to the salinity above which osmoregulation is

impaired. Abert Lake larvae are less tolerant of increased

salinity than larvae from Mono Lake (i.e. have a lower

LC-50).

(4) Pupal and adult size are significantly larger at Abert
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Lake than at the more saline Mono Lake. In addition, Abert

flies carry greater fat stores and numbers of eggs.

(5) Benthic algal food resources are in general more

abundant at Abert Lake than at Mono Lake.

These observations suggest (i) that there are

bioenergetic costs associated with osmoregulation, (ii)

that physiological variation in osmotic adaptation exists

between populations, (iii) that the species is

alkaline-water adapted, and (iv) that differences in body

size and nutritional resources may be related to

environmental salinity. The consequences of varied

salinity, acting through direct physiological influences,

and indirect ecological influences, are compared between

the Mono and Abert populations throughout the following

chapters. Chapter II introduces the natural history and

environmental relations of the alkali fly in terms of life

cycle, substrate/microhabitat preferences, and the

influences of salinity and temperature on development of

field-collected larvae. Chapter III presents the

ecological settings of Mono and Abert Lakes in terms of

physicochemical and biotic community features. This leads

into a consideration of how changes in these features over

the field sampling period are associated with changes in

the abundance of the alkali fly at these lakes (Chapter

IV). Chapter V is an experimental examination of salinity

and algal food supply effects on larval development and

maturation, using flies reared from eggs in the lab. The

survival and reproduction of adults, as influenced by body
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size and experimentally varied algal food resources, are

described in chapter VI. This permits life history traits

to be considered with regard to larval development effects

on adults, and the relation of changing reproductive effort

to adult survival. Finally, in chapter VII, the potential

for changes in algal food resources with varied salinity is

evaluated from the growth of experimental cultures of the

filamentous green alga Ctenocladus circinnatus at

different salinity levels.
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AUTECOLOGY AND NATURAL HISTORY

OF AN ALKALINE SALT LAKE INSECT:

EPHYDRA (HYDROPYRUS) HIANS SAY (DIPTERA:EPHYDRIDAE)

CHAPTER II

INTRODUCTION

Ephydrids (shore and brine flies) are common in saline

aquatic habitats throughout the world, and are often the

most abundant benthic and shore inhabitants of these

ecosystems. Flies of this family display a remarkable

capacity for physiological adaptation to extreme

physicochemical conditions. In addition to living in

inland salt lakes and ponds varying from permanent to

seasonally ephemeral, ephydrids may inhabit mineral.

alkaline, and acidic thermal springs, tidal splash pools.

and coastal salt marshes. As consumers of benthic algae,

and in turn being a major food resource to a variety of

migratory water birds, these flies occupy a key trophic

position in transforming these physically harsh

environments into important wildlife habitats. Despite the

abundance, varied habitats, and potential ecological role

of halobiont ephydrids, we know little of the biology and

environmental factors that influence their distribution and

abundance.

ERhydra is the main genus of brine flies found in

saline waters of both the New World (Wirth,1971), and Old
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World (Wirth.1975). The genus is absent only in Australia.

where it is apparently replaced by the endemic Ephydrella.

Although the genus is widespread, constituent species have

more restricted distributions, with only one of 28 total

species occurring naturally in both nearctic and palearctic

regions. Species are often closely associated with, and

apparently adapted to, particular types of physicochemical

conditions or habitat types (Simpson.1979). Ephydra

bruesi for example occurs mainly in alkaline hot springs.

while E. thermophila is restricted to acid hot springs

(Collins.1977), and both species are found only in

Yellowstone National Park (Wyoming). E.- (Halephydra)

cinerea is an extraordinarily salt tolerant brine fly.

having been reported to be able to live in crystallizing

salts of Great Salt Lake. Utah (Vorhies.1917). The

biogeographic distribution of this species indicates a

preference for chloride-dominated. hypersaline habitats.

Larvae of several species of Ephydra have a

well-developed osmoregulatory ability (Nemenz.1960;

Sutcliffe.1960). Unusually high hemolymph osmotic pressure

has been observed by Nemenz (1960) in E. cinerea. An

osmotic concentration of 800-900 mOsM is maintained in

larvae of this species over conditions ranging from tap

water to over 260 g/1 total dissolved solids.

The account of Aldrich (1912) on the distribution and

biology of the alkali fly. Ephydra hians. has been

virtually the sole source of information for this insect.

Most of the lakes where E. hians has been found are
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alkaline, thus the common name. The alkali fly was the

first North American species of Ephydra described

(Say,1830). Wirth (1971) provided distribution records

from museum specimens, and an excellent review of the

natural history of the genus. Simpson (1976) described and

figured larvae and pupae of E. hians and E. cinerea.

The objective of this paper is to describe the

autecology of the alkali fly in relation to benthic

microhabitat and substrate associations, and the influence

of temperature and salinity on larval survival and

pupation. These studies are based primarily on field

collections of populations from Mono Lake (California), and

Abert Lake (Oregon). The studies of Collins (1980a,b)

provide a basis for extensive interspecific comparisons

with E. cinerea.
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METHODS

Benthic Sampling

Relative abundances of larvae and pupae in different

microhabitats were estimated using an aquatic sweep net to

gather those individuals suspended into the water column

after vigorously disturbing a benthic sample area covering

.approximately 50 cm2
in about 50 cm water depth.

Repetition of this semi-quantitative kick-netting sample

procedure produced coefficients of variation averaging

about 50%, so the technique is useful only for

distinguishing relatively large differences between the

habitats compared. Substrates consisting of consolidated

limestone tufa mixed with organic sediments are compared to

unconsolidated sand in this study. Both substrate types

cover large benthic areas at Mono Lake.

Microhabitat heterogeneity along a transect of

salinity gradation associated with a freshwater seep area

at Mono Lake was evaluated in the spring of 1984. Algal

standing crops at 5, 20, and 30 meters from shore, along a

gradient of increasing salinity, were determined by

extraction of chlorophyll from sediment surface cores and

tufa rock samples. Sediment cores were taken using a glass

tube, 22 mm in diameter (3.8 cm 2 area), that was pushed

into the soft, coherent, detrital mud and clay to a depth

of about 20mm. The tube was plugged with a rubber stopper

and withdrawn, and the extracted cores preserved in vials
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with formaldehyde at a final concentration of about 3-4% in

lake water. Tufa fragments were collected at these same

distances from shore (along lines parallel to shoreline)

and stored in glass jars with lake water and preservative

as above. Preservative was decanted in the lab, and

samples frozen at -20°C for 48 hours. Thawed samples

were extracted in 90% alkaline acetone in darkness for 24

hours. Absorption was then measured at 750 and 663 nm,

acidified, and read again at these same wavelengths to

estimate phaeophytin a, according to Wetzel and Likens

(1979). Surface area of the exposed tufa was estimated by

forming pieces of aluminum foil to the contours of the rock

face, then flattening the foil pieces and measuring their

outlined areas on a grid. Salinity was measured from

surface to bottom along the transect as specific gravity

(using a hydrometer and translucent cylinder), and

converted to TDS according to the regression calibration

given in Figure 111.7 (chapter III). Alkali fly abundance

along the transect was censused by the kick-net sampling

method described above.

Temperature and Salinity Effects on Development

Temperature effects on development were measured using

the duration of the pupal stage as an indicator. These

data were compared to those for E. cinerea

(Collins,1980a). Field-collected 3rd instar larvae from

Abert and Mono Lakes were held in the lab in native lake
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water at 20°C, and within several hours after

pupariation (puparium formation), were transferred to

incubation chambers at 5, 10, 15, 20, and 25°C, on a

L:D 14:10 photoperiod. Eclosions were recorded daily.

Salinity affects on survival and development were

studied by transfer of field-collected 3rd instar larvae

from Mono Lake into lake water adjusted to an elevated

salinity range (100 g/1 to 300 g/1 TDS). Cumulative

mortality and numbers of pupae formed after 4 days were

noted. Algal food was provided during this time and

temperature maintained at 20°C. Increased salinities

of Mono Lake water were prepared by evaporation under

vacuum at low temperature (30-40°C) in a rotary

evaporator.

The influence of salinity and food substrate on

development was further evaluated using a population of

larvae discovered in an isolated pool of hypersaline water

located on the dry north shore lakebed of Abert Lake in

spring of 1984. Third instar larvae were collected along

with water and fine organic sediments (as a natural food

source) and returned to the lab. Larvae were then randomly

assigned to one of three treatments: (1) native pond water

(at a salinity of about 180 g/l, pH 10) with the natural

sediment provided as a food source, (2) native pond water

with a lab-cultured algal food source (diatoms and

blue-green algae), and (3) Abert Lake water adjusted to a

salinity of 50 g/l, also with the lab-cultured algal food

source. In this way, the influence of both salinity and
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food could be assessed by following larval survival, size

of pupae, eclosion success, and adult body weight in each

treatment, using larvae already acclimated to hypersaline

conditions.
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RESULTS AND DISCUSSION

Life Cycle and Natural History of the Alkali Fly

All life stages except eggs have been collected

throughout the year at Mono and Abert Lakes. This

suggests, as Collins (1980a) reported for E. cinerea from

Great Salt Lake (Utah), that there is no diapausing stage

for this species. Low temperatures slow the development of

all life stages (see Figure 11.3). Adults apparently do

not oviposit during winter months, and show no vitellogenic

activity during this time (chapter IV, Figures IV.6 and

IV.7). In contrast to E. cinerea, which deposits its

eggs on the water surface, where they settle into uncertain

habitat, E. hians may choose oviposition sites. After

feeding on algae and fine detritus, mated adult females are

able to go underwater by crawling down partially submerged

objects, and pull themselves through the air-water

interface. A silvery air bubble forms around the profusely

bristled bodies of the flies, and acts as a physical gill.

Flies may then search over the lake bottom, using their

long tarsal claws to hold on. Females place their eggs in

mats of algae, or in substrates presumably favorable to

larval development. On a visit to Mono Lake, Mark Twain

(in "Roughing It") gave the first and most colorful account

of the alkali fly and its unusual ability: "You can hold

them under water as long as you please they do not mind

it - they are only proud of it. When you let them go, they
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pop up to the surface as dry as a patent-office report, and

walk off as unconcernedly as if they had been educated

especially wih a view to affording instructive

entertainment to man in that particular way."

Occasionally, oviposition may occur on the water surface,

and has been observed on floating algal mats. Although

most submerged flies are found to be females, males too are

sometimes observed, suggesting that this behavior may not

be exclusively related to egg laying. Close observation

reveals that in fact much time is spent feeding, rasping

the rich film of algae off rock surfaces. Food quality is

critical to reproductive success in E. hians (refer to

chapter VI) and benthic epilithic algae probably represents

a superior food source to that onshore (except possibly on

detrital mud flats). Submergence may thus have evolved

originally as an adult feeding advantage. This is

consistent with the fact that oviposition may occur without

feeding (autogenously) in E. cinerea, whereas feeding

is essential for E. hians. Eggs hatch in 1-2 days and

develop through 3 larval instars. Larvae also feed on

epilithic and sediment surface algal mats, composed mainly

of diatoms, filamentous green, and blue-green algae, and

the microbial-detrital component of the sediments (benthic

algal species are listed in Table 111.2). Feeding mode and

trophic position would most aptly be described as that of a

scraper-gatherer, herbivore- detritivore. Larval

development requires two weeks to greater than five months,

depending on food availability, salinity, and temperature
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(refer to chapter IV). Pupation time requires from one to

over 3 weeks and is temperature dependent (Figure 11.3).

Prolonged recruitment by oviposition over much of the year,

and variable larval development rates result in overlapping

generations, without clearly distinguishable cohorts. Egg

to adult generation time from lab cultures (chapter V),

taking into account the annual field temperature range,

would permit completion of about 3-6 generations per year.

Larvae of E. hians are effective osmoregulators,

capable of hypo- and hyperosmotic regulation of hemolymph

osmolarity at around 300 mOsM over a wide range of

salinities (Herbst,1981). However, osmoregulation in

non-alkaline salt water does not function as effectively as

in comparable concentrations of natural alkaline lake

water. Survival of E. hians larvae at and above 200 g/1

TDS is extremely poor (Figure 11.4). while E. cinerea

larvae tolerate salinities in excess of 300 g/1 (though

this is by no means optimum, Winget et al.,1969). The

tolerance of high salinity in E. cinerea larvae has been

attributed to their high hemolymph osmotic concentration,

and the associated lower gradient over which solute balance

is maintained, thus attenuating metabolic costs

(Nemenz,1960).

Morphology and behavior of larvae and pupae appear to

prevent mortality due to storm-related dislodgement from

lake bottom habitats (refer to Figure I1.1 for larval and

pupal morphology). Clawed prolegs permit the clinging

larvae to retain their hold in the wave-swept rocky
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littoral shallows along the open, windy shores of desert

lakes. The larvae of the alkali fly have a caudal

respiratory siphon, as do related ephydrids, but they

respire by diffusion of dissolved gases across the cuticle

and do not rise to the surface to breath. The siphon

probably serves as a tracheal gill in this insect. In

addition, mature larvae usually select the protected

undersides of rocks to pupate, and the coarctate pupae

remain attached by means of the clamp-like terminal

prolegs. Larvae cast adrift are subject to resettling in

unfavorable regions (such as profundal sediments or sandy

deposits), and dislodged pupae will invariably float to the

surface and be cast on the shore where they are subject to

desiccation, parasitism, and predation.

At the completion of morphogenesis, adults emerge from

the puparium enclosed in a film of air, and rise to the

water surface. Flies gather along the shores of the lakes

and ponds from which they emerge, and may become extremely

abundant and densely aggregated. Lifespan of adult flies

averages 2-3 weeks, depending on temperature, food, body

size, and sex (chapter VI).

Collections of adults and pupae have revealed

significant differences in body size among populations from

various lakes and ponds, and within populations over the

seasons (chapter IV, and unpublished). Many life history

traits are often size-dependent, so this intraspecific

variation may have important consequences to population

demographics. Experimental studies indicate that body size
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has both an environmental and genetic basis (chapter V),

and that reductions in size at maturity may result in pupal

eclosion failure, or diminished potential for adult

survival and reproduction (chapter VI).

Due to their abundance and local aggregations, brine

flies may be an important source of food to breeding and

migratory bird populations at salt lakes. Winkler et al.

(1977), and Boula and Jarvis (1985), have established the

importance of E. hians as a principal food item at Mono

and Abert Lakes for phalaropes, avocets, grebes, gulls, and

ducks, among others. Rooth (1965) reported flamingoes

feeding mainly on E. cinerea (as gracilis) at salines

on the island of Bonaire, and Paterson & Walker (1974) note

that Ephydrella was the major food of silver gulls and

avocets at Lake Werowrap and Corangamite in Australia.

Historically, pupae were harvested from several Great

Basin lakes (most notably Mono Lake) by the Kuzedika Paiute

Indians (so-called fly pupae-eaters), and comprised a

staple and plentiful food known as "Koo-cha-be"

(Williston,1883: Davis,1965). The gathering of pupae

traditionally took place in the late summer or early fall

(month of September). The great geographer and explorer of

the west, William H. Brewer, describes a visit to Mono Lake

in July of 1863 (Brewer,1966):

"No fish or reptile lives in it, yet it
swarms with millions of worms, which develop into
flies. These rest on the surface and cover
everything on the immediate shore. The number
and quantity of these worms and flies is
absolutely incredible. They drift up in heaps
along the shore hundreds of bushels could be
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collected. They grow only at certain times of
the year. The indians come from far and near to
gather them. The worms (=pupae) are dried in the
sun, the shell (=puparium) rubbed off, when a
yellowish kernel remains, like a small yellow
grain of rice. This is oily, very nutritious,
and not unpleasant to the taste, and under the
name koochahbee forms a very important article
of food. The Indians gave me some; it does not
taste bad, and if one were ignorant of its
origin, it would make fine soup. Gulls, ducks,
snipe, frogs, and Indians fatten on it."

In addition to avian and human predators, adult flies

are preyed upon by tiger beetles, robber flies,

damselflies, and other predaceous terrestrial insects.

Larvae may be preyed upon by dytiscid and hydrophilid

beetles, damselfly nymphs, and possibly tabanid and .

dolichopodid larvae, though the trophic habits of these

dipterans is uncertain. Pupae may be subject to attack by

the pteromalid parasitoid Urolepis rufipes (Essig,1926),

with those cast ashore in windrows being especially

vulnerable. Dissections of windrowed pupae from Abert Lake

in the summer of 1981 showed parasitism in excess of 60%

(Herbst, unpubl.obs.). The aquatic life stages (egg,

larva, pupa) are relatively free of predators, parasites,

and competitors, however, because high salinity and

alkalinity usually excludes other benthic invertebrates and

fish. When conditions do permit, predatory mortality of

aquatic stages may be high. E. hians is not observed to

be the numerically dominant benthic invertebrate in other

alkaline western Great Basin lakes with dilute salinities

(i.e less than about 10 g/l, such as Pyramid and Walker

Lakes in Nevada; Herbst, pers. obs.).
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Microhabitat Associations at Mono Lake

Comparison of sample sites along the southwestern

shores of Mono Lake show that locations dominated by tufa

substrates had a significantly higher abundance of larvae

and pupae than sandy sites, for censuses taken in summer of

both 1983 and 1984 (Table II.1). In addition, the

proportion of pupae in the samples was also greater on

tufa. These differences are most likely attributable to

the instability of sand substrates. Similarly, extensive

searches over the soft mud-detritus sediments on the north

shore of Abert Lake at various collection dates failed to

yield any larvae or pupae. Rocky habitats are clearly most

suitable for development and persistence of the immature

stages of the alkali fly, unless soft substrates are

otherwise protected from wave action. Collins (1980a) also

showed that abundance of E. cinerea was greater on the

reef-like bioherms of Great Salt Lake than in sandy areas.

Black Point Tufa Shoals is an extensive shallow shelf

of tufa formations and detrital sediments adjacent to

onshore and sublacustrine spring seeps at Mono Lake (refer

to map, Figure 111.2). In spring of 1984, during the time

of greatest freshwater run-off, a distinct gradient in

salinity was detected. Surface waters increased in salt

concentration from about 40 g/1 next to shore, to around 70

g/1 approximately 30 m offshore. Salinity at the benthic

interface however was nearly constant, at around 80 g/l.
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In three selected zones along this gradient, at 5, 20, and

30 meters away from shore, algal standing crop decreased in

epilithic and sediment surface samples (Figure 11.2). In

addition, E. hians is three times more abundant in the

zone nearest shore than in the two outer zone areas. These

location effects on alkali flies at this same site were

also seen in the significantly larger size (p(.001, ttest)

of pupae from the shallow inner shoals area

(mean=2.03,sd=.07,n=22), compared to the outer shoals

(mean=1.58,sd=.12,n=22). These collections, from the

summer of 1983, also indicate the importance of

microhabitat heterogeneity in altering growth and abundance

of E. hians. The complex and changing associations

among salinity, temperature, substrate, and algal food

availability in nature make it difficult to identify the

relative importance of each of these factors. In addition,

zonation at Black Point Tufa Shoals was not as apparent at

other sampling dates, and probably represents a relatively

transient ecological situation.

Temperature and Salinity Effects

The effect of temperature on development time of E.

hians pupae (mixed from both Mono and Abert populations

since no significant difference between them was found at

25°C) is presented in Figure 11.3, in comparison to E.

cinerea (Collins,1980a). This is a useful indication of

seasonality effects on growth rate, independent of food and
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salinity, because pupae are non-feeding, and isolated from

the aquatic environment. The most rapid change in

development rate occurs between 10-20°C for both

species. This corresponds to the temperature range found

in late spring and early autumn, coincident with

exponential population growth and decline periods,

respectively, at both Abert and Mono Lakes (chapter IV).

Pupal eclosion is enhanced with increased temperature above

5°C - at which no emergence occurred (lower panel of

Figure 11.3). Pupae exposed to this low temperature for

over 100 days showed no emergence even after being

transferred to 25 °C for several weeks. This suggests

that pupal mortality is high over the winter, and that the

progress of pupal development is limited below 10°C

(being the lowest temperature from which eclosion

occurred). Over the 20-30°C range, equivalent

development times occur 5 degrees lower for E. hians

relative to E. cinerea. The Q-10 value for E. hians

over 10-15°C range is similar to the Q-10 value

obtained for E. cinerea over the 15-20°C range. The

more rapid development rates for E. hians than for E.

cinerea are indicative of an intrinsic difference that

should permit earlier seasonal activity and greater

potential productivity (growing season) for the alkali fly,

under comparable ecological conditions. Collins (1980a)

reports that probably no more than 2 generations of E.

cinerea occur annually at Great Salt Lake.

The upper temperature limit for E. hians survival
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must be at least 40°C, since larvae have been observed

alive and active on acute exposure to solar-heated benthic

sediments on summer afternoons (often with diel

fluctuations from 20- 40 °C).

Mortality and pupariation percentages for Mono Lake

larvae exposed to salinities elevated above that of natural

lake water are shown in Figure 11.4. Mortality increases

with increased salinity and no larvae survive beyond 4 days

or pupate at 300 g/l. The 96 hour LC-50, calculated on

probit-transformed mortality data, gives a value of about

193 g/l. The proportion of larvae that form pupae within 4

days is also depressed at higher salinity. This suggests

that development rates may be reduced as a function of

increasing osmoregulatory demands. The most abrupt

increase in mortality and decrease in development to the

pupal stage occurs over the range 150 to 200 g/1 TDS.

Quantitative salinity tolerance data are not available for

E. cinerea, so a strict comparison with E. hians is

not possible, but poor survival above 200 g/1 suggests that

E. hians is substantially less salt tolerant than E.

cinerea.

Studies of the influence of salinity and food levels

on development of larvae from the isolated pond population

revealed that these factors limit survival and size at

maturity (Table 11.2). Only one small pupa formed in the

treatment where larvae were reared in the hypersaline pond

water (180 g/ l) on natural sediment as a food source.

Larvae exposed to the same pond water but provided with a
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lab-cultured algal food substrate formed more, and larger

pupae. Larvae reared in water of reduced salinity (50

g/l), and fed cultured algae, all survived to maturity and

formed the largest pupae. These results demonstrate that

improved food substrate or reduced salinity are more

favorable conditions for larval growth than those from

which the larvae originated. It is notable that at the

time of discovery, there were no first instar larvae or

pupae present in this pond, and few second instars.

Moreover, the third instars found were noticeably smaller

than those present in Abert Lake, several hundred yards

distant. This suggests that this pond formed from

storm-washed lake water, into which eggs were laid, and

with subsequent evaporation, most early instars perished.

Formation of pupae also was apparently severely inhibited.

The presence of such habitats in nature is evidence that

ample evolutionary opportunities exist in which selection

for high salinity tolerance may occur. Nonetheless,

developmental performance is improved at lower salinities,

indicating that physiological constraints limit the ability

of the alkali fly to adapt to highly saline conditions.

The lower osmotic concentration of hemolymph in E. hians

than in E. cinerea may be an important factor limiting

salt tolerance of the alkali fly, and restricting its

biogeographic distribution.

These results demonstrate that physical and chemical

factors of the aquatic environment can exert a controlling

influence on the distribution and life cycle of the alkali
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fly. Substrate and microhabitat features appear to govern

local patterns of abundance, favoring the congregation of

larvae in rocky areas. Within habitats, the survival,

growth, and development of larvae may be strongly

influenced by salinity, temperature, and food availability.

Salinity has pronounced limiting effects on the growth and

survival of larvae above 150 g/l, particularly if algal

food is inadequate. These factors thus have the potential

to produce the variations in E. hians abundance, body

size, and related life history traits observed in nature

(see chapter IV).



Figure 11.1. (A) Ephydra hians 3rd instar larva (showing clawed prolegs, caudal
respiratory siphon, dorsal pigmentation, and pharyngeal mouth hooks).
(B) E.hians puparium (showing clamped position of terminal prolega, for
attachment).
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Figure 11.2. Standing stocks of Ephydra hians (numbers of
larvae and pupae) and standing crops of algae (as
chlorophyll a) along a transact from onshore seeps at Black
Point Tufa Shoals (Mono Lake) into saline lake water. Open
bars show E.hians numerical abundance (n=2 samples/site).
cross-hatched bars show sediment-surface algae (5
samples/site), and stipled bare show epilithic algae (2
samples/site). Standard error is shown by the line on top
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Table II.1. E.hians abundance
Lake.

on tufa and sand substrates
at Mono

(July 27-30 1983)

Larvae + Pupae Biomass
SUBSTRATE SITE (mg AFDW/kick sample)

mean SE N % Pupae

TUFA Lee Vining

---

Tufa Grove 274.3 32.2 9 A 7.6

DWP docks 225.9 49.6 5 A 12.9

SAND Navy Beach 41.0 4.3 6 B 1.4

(July 2-9 1984)

TUFA Lee Vining
Tufa Grove 283.9 47.3 8 X 42.0

Sneeker

SAND

Flat

w.LV Creek

724.1 141.4 4 Y 14.8

delta 62.9 16.7 6 Z 1.3

Navy Beach 24.4 12.1 5 Z 3.3

Means for each site within years are significantly different at
.05 if followed by a different letter (Tukey-Kramer test, Sokal
& Rohlf,1981).
For 1984, difference between X and Z (first sandy site)= .05(p(.10.
All sites located interspersed along S-SW shore.



Table 11.2. Effect of salinity and algal food on development
of field-collected E.hians larvae.

Larval treatment groups
(n=24 each)

Ptipae Adults Mean Pupa Mean Adult
Food Salinity Formed Emerged Width (mm) Dry Weight (mg)

Pond sediment 180 1 1 1.49 0.55
(--) (--)

Cultured algae 180 10 7 1.70 0.72
(.20,9) (.17,6)

Cultured algae 50 24 19 1.99 0.93
(.12,23) (.17,17)

Salinity expressed in g/I total dissolved solids. Numbers In
parentheses are standard error and sample size. See text for
further explanation.
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Evolution of the flora and fauna of Great Basin saline

lakes has occurred in environments with unique histories of

chemical and geographic change. As shorelines have

receded, often segregating lake basins, the remaining

waters have become saline brines that vary in the types and

amounts of minerals they contain. The isolation and

ephemerality of aquatic habitats in the high desert has

often promoted speciation and endemism of inhabitants

(Hubbs and Miller,1948). These ecosystems present a

convenient series of natural gradients to which the

distribution and abundance of biota may be related.

This study contrasts the benthic ecology of two large

alkaline salt lakes of the western Great Basin. Abert Lake

(Oregon) is shallow, variable, and presently relatively

dilute, whereas Mono Lake (California) is deep, permanent,

and currently holds a more concentrated solution of salts.

The purpose of this comparison is to describe associations

of the salinity at these lakes with the diversity,

abundance, and seasonality of benthic algae and

macroinvertebrates. Higher diversity and abundance of
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benthos at these lakes was expected to follow wherever and

whenever the stress of salinity is reduced.

Although the alkali fly, Ephydra hians Say

(Diptera:Ephydridae) is the most common benthic

macroinvertebrate at both lakes, this paper reports

phenology and relative abundance only for other fauna and

periphyton. This information sets the ecological

background for consideration of the population dynamics of

E. hians at Mono and Abert Lakes (chapter IV).

History and Physicochemical Environments of Abert and Mono

Lakes

Located in south-central Oregon, Abert Lake is at the

northwestern extreme of the high altitude Great Basin

desert, at an elevation of nearly 1300 meters (Figure

III.1). It is a shallow remnant of pleistocene Lake

Chewaucan, which encompassed the present Abert and Summer

Lake basins, and left wave-cut terraces more than 200 feet

above the lakebed (Phillips and VanDenburgh,1971).

Hutchinson (1957) has cited Abert as a classic example of a

fault scarp lake, with Abert Rim fault block rising

abruptly from the eastern shore, up to 3000 feet above the

lake. Along this shore, the lake bottom is dominated by

rocky, basalt substrates. The northern and western shores

consist mostly of alluvial clay and silt sediments,

flocculent detritus, and some gravels and volcanic ash,

without much rocky substrate.
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Following the time when pluvial lakes reached their

maximum extent, some 10-15,000 years ago, the Great Basin

went through a prolonged dry period between 5000 to 9000

years ago, known as the altithermal (Benson,1978).

Decreased freshwater inflows to Abert Lake during the

altithermal would have caused the lake to dry frequently in

this climate. Concentrated interstitial brines in the

sediments of Abert Lake indicate such desiccation phases

(Lerman and Jones,1973). Records of tree-ring growth

(Antevs,1938) indicate that over the past 650 years, the

driest period in the Great Basin occurred during 1918-1934.

Abert Lake was frequently dry or near dryness throughout

these years. The post-pluvial history of this lake is thus

one of fluctuating water levels and salinity, interspersed

with periods of complete desiccation (Figure 111.3). The

solutes accumulated in the lake are primarily chloride and

bicarbonate-carbonate salts of sodium, with total dissolved

solids (TDS) around 20-30 g/1 during the period of this

study (Table 111.1). The Chewaucan River, entering at the

southern end of this long lake, is essentially the only

source of inflowing freshwater.

Mono Lake is an ancient, deep-basined lake, located on

the eastern side of the Sierra Nevada mountains in

east-central California, at an elevation of almost 1950

meters (Figure 111.2). Derived from pleistocene Lake

Russell, and isolated from the more extensive pluvial Lake

Lahontan system, the Mono Basin has held a permanent body

of water for at least a half-million years (Lajoie,1968).
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Mono is thought to have originated as a tectonic-volcanic

depression (Pakiser et al.,1964), or through broad

structural downwarping associated with the eastern Sierra

fault zone (Gilbert et al.,1969). The profundal lake

bottom consists primarily of fine anaerobic detrital

sediments of autochthonous origin, and alluvium. Localized

around sublacustrine springs and seeps (mainly found along

the western lake margins) there are extensive formations of

the main hard substratum of the lake - porous limestone

deposits known as tufa (Dunn,1953). On the south and

southeast lakeshore, the bottom is covered by windblown

volcanic sands. East and northeast shores are composed

almost entirely of soft detrital muds, with some areas

having a surface veneer of sand.

Mono Lake has existed as a closed basin since the time

of last overflow, about 22,000 years ago. Although solute

accumulation, without overflowing export, would begin

increasing following this closure, high salinities (> 3 g/1

TDS, suggested by Williams,1964 as biologically

significant) in Mono, Abert. and other Great Basin lakes

probably did not exist until the recessions of the

altithermal (based on present lake volumes and the mass of

salt in solution and in sediments). Lake levels fell

rapidly at the end of the Wisconsin glaciation, about

10-12,000 years ago, and eventually came to a minimum

sometime during the altithermal (somewhat below the present

level of Mono Lake). Since then the lake has fluctuated

considerably in elevation, between this altithermal
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minimum, and levels more than 100 feet higher. Recent

evidence (Stine,1979) suggests however that during the past

thousand years the lake level has been relatively constant,

at a level that would correspond to a salinity of

approximately 50 g/l. During the past 40 years, the lake

has been declining rapidly due to the diversion of streams

that supplied about 75% of the normal freshwater inflow.

Extremely wet winters immediately preceding the present

study reversed this trend, with salinity of surface waters

becoming diluted from ca. 100 g/1 in 1981-82, to ca. 75 g/1

in 1983-84 (Figure 111.4). The solutes of Mono Lake water

consist mainly of chloride, bicarbonate-carbonate, and

sulfate salts of sodium (Table 111.1).

Langbein (1961) used geometric and hydrologic features

of various closed basin lakes to describe their durational

stability and susceptibility to desiccation (Table II1.1).

These terms depend on depth-volume relations, tributary

watershed area, and climate. Abert Lake is a considerably

more variable habitat than Mono Lake. Having a higher

coefficient of surface area variation, suggests Abert is

more prone to desiccation, and recedes or rises rapidly

with changing watershed inputs. This can lead to sudden

changes in the concentration of dissolved salts and the

availability of benthic habitat. Mono Lake by contrast,

possesses the features of a deep, permanent lake, less

subject to abrupt salinity change. These attributes can

also be seen in the records of salinity and elevation

fluctuations in recent time at both lakes (Figures 111.3
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and 111.4).
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METHODS

Sample Sites

Benthic organisms were censused at about 1-2 month

intervals over 18 months, from April 1983 to September

1984. Sample sites were chosen based upon expected

physicochemical gradients associated with freshwater

inflows into the saline lake waters. At Abert Lake, 4

sites (5 in 1984) were located south to north along the

eastern shore of the lake at approximately 3 mile intervals

(mileposts 86 to 75 along US HWY 395; Figure 111.1). This

series corresponds to a decreasing influence from Chewaucan

River inflow at the south end of the lake. Substrates at

all sites consisted of rocky cobble amongst mixed

flocculent detritus sediments and sand. All these eastern

shore locations were exposed to the prevailing

southwesterly winds, and often heavy wave action.

At Mono Lake, there is no consistent point source of

freshwater, due to diversions and intermittent stream flow,

but numerous springs and seeps may create local differences

in salinity. All 3 sample sites at Mono were in the

western portion of the lake (Figure 111.2). Black Point

Tufa Shoals is an extensive, shallow tufa shelf, permeated

by onshore and sublacustrine seepage and springflow,

largely protected from wave action, and containing

accumulated organic sediments and tufa fragments. Lee

Vining Tufa Grove is a long, shoreline belt of tufa towers
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located at the edge of a relatively steep littoral incline.

Substrate is mixed sand, tufa fragments, and some detritus.

Springflow is also intermittently present here, but is not

as active, and tends to layer out on the surface without

mixing. Danburg Beach was selected because of similarity

in exposure and substrate features to the sites at Abert

Lake. Stones at this site were mainly rounded to angular

cobbles with fairly smooth surfaces, unlike the porous,

reeflike tufa found at the other Mono Lake sampling

locations. In addition, this is an exposed, waveswept

site, with little detritus accumulation or pervasive

freshwater seepage. Sample sites at both lakes thus all

have rocky substrates to some extent, but exposure to

freshwater inflow, wind and wave action, and organic

sediments vary among the locations.

Temperature and Salinity

For each sampling, temperature and specific gravity

were measured at the benthic interface (in 50 cm depth) and

in surface waters. Standard mercury thermometers were used

to measure temperature, and salinity was measured as

specific gravity using a hydrometer floated in a

transparent plastic cylinder. Specific gravity was

converted to total dissolved solids (TDS, in g/l) by an

empirically determined regression equation for each lake

water source. TDS was determined for different specific

gravities by evaporation of known volumes of lake water at
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60°C for 4 days, followed by 110°C for 2 days (and

cooled in a desiccator), and weighing of the dried residue.

Benthic Fauna

The relative abundance of benthic macroinvertebrates

was estimated using a technique in which an area covering

approximately 50 cm2 of lake bottom was disturbed by

kicking, and the organisms dislodged collected with an

aquatic sweep net. A kick sample consisted of forcefully

stirring up substrates over the sample area and sweeping a

net rapidly through the middle of the vortex created (two

horizontal sweeps). If more than one such "kick" were

taken again (at another spot) because few organisms were

obtained initially, the density per kick was calculated

dividing by the number of times this was repeated for each

sample. Samples were always taken at a depth of about 50

cm, using a 25 cm diameter net with 1 mm mesh. Numbers of

individuals of each species were counted in the field, in a

large shallow pan with a white background. Small organisms

(less than 1 mm) like larvae of the biting midge Culicoides

occidentalis occidentalis at Mono Lake and the

thread-like oligochaetes at Abert Lake could not be

accurately counted. These species were found in every

sample when present, and were assigned an abundance of

1/kick sample. Species abundance on each sample date was

calculated as a fraction of the mean number of total

individuals of all species, averaged over all sites sampled
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for each lake.

Benthic Flora

Algal standing crops on epilithic and sediment

substrates were estimated as extracted chlorophyll a

biomass from samples in the marginal shallows (5-10 cm

depth), and at closer to kick-sampling depth (30-50 cm).

Samples were taken at most sites during late winter,

spring, early summer, and early fall of 1984 only.

Collections of rocks (usually in triplicate) at each sample

site and depth, were taken arbitrarily, though size had to

conform to dimensions of not more than 7.5 x 10 cm width x

length, to fit in half-pint glass jars. These epilithic

samples were preserved in 3-4% formaldehyde in natural lake

water in the field, and stored in cold and darkness until

extraction (within two weeks). Surface area was determined

by wrapping that portion exposed to light (about 75% of

total surface, as top and sides of most rocks) with pieces

of aluminum foil that were then unfolded and measured by

outlining the combined areas on a grid. Sediment core

samples were taken regularly only at Black Point Tufa

Shoals (Mono Lake), since this was the only site with

substrate that could be sampled in this way. A glass tube,

22 mm in diameter (3.8 cm 2 area), was pushed into the

soft, coherent detrital mud and clay, to a depth of about

20 mm, and plugged with a rubber stopper, permitting the

core to be withdrawn intact. These samples were preserved



41

and stored as above. Preservative was decanted from stored

samples, and the remaining rocks or sediment frozen at

-20°C for 48 hours, to break cell walls and facilitate

extraction. Thawed substrates were subsequently extracted

for 24 hours in 90% alkaline (magnesium carbonate added)

acetone, and the absorption of centrifuged samples read at

750, 663. and 480 nm. Phaeophytin a was estimated by

acidifying extracts and repeating absorbance readings at

750 and 663 nm. Concentrations of chlorophyll a and

phaeophytin a were determined from monochromatic equations

using extinction coefficients of 87.7 (Jeffrey &

Hum-phrey,1975). and 56.0 respectively. Carotenoid pigment

was estimated by turbidity-corrected absorbance at 480 nm.

using the equation given in Wetzel & Likens (1979) for

algae that includes diatoms. The ratio of carotenoid to

total chlorophyll pigment (chlorophyll + phaeophytin) was

used to evaluate the relative abundance of diatoms. The

fraction of total pigment as phaeophytin a was taken as a

measure of senescence and decomposition of algae. A

qualitative survey of algal species diversity was made from

the identification of algae present in fresh, unpreserved

substrate samples collected from several sites at both

lakes in the spring of 1984.
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RESULTS

Salinity

Salinity over the study period decreased by about 5-10

g/1 at all sites at both lakes (Figures III.5a and III.6a).

Seasonal cycles in salinity had a low amplitude, with

decreases coinciding with spring run-off, and increases

with summer-fall evaporation. At Abert Lake, mp 86

(southernmost) is the least saline of all sites, and

changed little over 1983-84 (Figure III.5a, diluted by less

than 5 g/l). Although streamflow has a diluting influence

at the south end of the lake, Abert is well mixed, and only

slight increases in salinity occur toward the northern

sites. As a source of colonizing benthic invertebrate

fauna however, the Chewaucan River may set up an even more

biologically significant gradient (see benthic fauna

section below). At Mono Lake, extensive seepage and wave

protection produced the lowest and most variable salinity

conditions at Black Point Tufa Shoals (Figure III.6a).

Transient changes in salinity occurred at certain locations

but were usually confined to surface waters and probably

originated in stratifying of stream flow during calm

periods (e.g Danburg Beach in autumn 1983, Fig. III.6a; and

mp 84 in spring 1983, Fig. III.5a).

Dilution of Mono Lake surface waters since 1982 has

been enhanced due to high run-off and formation of a

meromictic condition. Surface waters increase from 84 g/1,
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to 94 g/1 in the bottom layer, with the chemocline at about

12 meters (R.Jellison, pers.com.).

The relationship of specific gravity to total

dissolved solids is shown in Figure 111.7. The

correspondence is linear over the full salinity range

examined (10-250 gIl), with Abert Lake water having a

slightly higher density for the same dissolved salt

concentration relative to Mono Lake water.

Temperature

Water temperature (measured at the benthic interface)

increased most rapidly in May and declined most rapidly in

September, framing the growing season at both lakes

(Figures III.5b and III.6b). At Black Point Tufa Shoals,

local environmental conditions also resulted in earlier and

prolonged seasonal warming, permitting a longer growing

season. At this site, daily temperatures in late winter

could range between 10-21°C while ambient lake

temperature was less than 8°C, and in spring, between

20-35°C while other Mono Lake sites were below

15°C. All other sites generally followed lake surface

water temperatures except under calm summer conditions when

afternoon solar heating of the shallows could occur.

Benthic Fauna

Fourteen species of benthic macroinvertebrates were
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collected at Abert Lake, compared to only seven from Mono

Lake (Table 111.2), with Ephydra hians usually being the

most numerous species at both lakes (refer to chapter IV

for E. hians data). Only dipteran larvae are found in

the Mono Lake benthos, and all are shared in common with

the Abert Lake fauna, except the biting midge Culicoides

occidentalis occidentalis, and possibly a rarely

occurring stratiomyid larva. In addition to dipteran

larvae, Abert Lake contains a variety of other benthic

insects, an amphipod, an oligochaete, and occasionally an

aquatic parasitoid on alkali fly pupae (Urolepis

rufipes: Pteromalidae).

Relative abundance phenologies are shown for the

common macroinvertebrates (>5-10% of total, excluding E.

hians) for pooled sample sites in each lake over the

study period (Figures 111.8 and 111.9). At both lakes an

increase in abundance and numbers of species occurred in

the summer of 1984 compared to 1983. In 1984, overall

abundance at Abert Lake increased by nearly an order of

magnitude, associated with a shift from the dolichopodid

Hydrophorus plumbeus, to the cosmopolitan amphipod

Hyallela azteca being the numerically codominant species

to E. hians. In 1983, only 3 species were commonly

encountered in Abert Lake (i.e. present in at least 2

sites), being H. plumbeus, deer fly larvae Chrysops

sp., and oligochaetes. In 1984, 6 species were commonly

encountered, including H. azteca, the predatory diving

beetle Hygrotus masculinus (larvae and adults), and the
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water boatman Corisella decolor, in addition to those

listed for 1983. In 1985, a spot-check sampling (on 17

June) showed that the large-bodied, predatory damselfly

nymph, Enallagma clausum, had also become common (>1

ind/kick sample).

At Mono Lake, H. plumbeus became common at Black Point

Tufa Shoals in summer and fall of 1984, accounting for most

of the observed increase in overall abundance. This and

other species found at Mono Lake are localized in

distribution however, so abundance did not increase

uniformly. Moreover, numbers of individuals seldom

approached those found for E. hians.

The southern sites at Abert Lake (mp 86 & 84) were

least saline, and closest to the colonization source

represented by the Chewaucan River and its resident

freshwater invertebrate fauna. These locations had the

highest diversity of all sites at Abert Lake (12 and 11

total species collected, respectively). Sample sites also

showed a cline in diversity progressing toward fewer

species in the north, with 9, 6, and 5 total species

collected at mp 81. 78. and 75, respectively.

Black Point Tufa Shoals and Lee Vining Tufa Grove at

Mono Lake both have greater species diversity (both with

5-6 species) than the wave-swept Danburg Beach site, which

is monospecific for E. hians at most collections (only a

few individuals of 2 other species were ever found here).

Between-site differences at Mono were also apparent in that

dolichopodid and tabanid larvae were common at Black Point
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Tufa Shoals, and stratiomyid larvae (esp. Nemotelus)

rare, while the reverse was true for the Lee Vining Tufa

Grove site. Reflecting this, the coefficient of variation

for macroinvertebrate density exceeds 100% of the mean

among sites at Mono Lake, and is over 60% at Abert Lake,

for most collection dates.

Benthic Flora

Qualitative surveys of the algal flora at both lakes

(for spring collections only), show equivalent species

diversity (see species list, Table 111.2). Epilithic

substrates are dominated by thick mats of the filamentous

green alga Ctenocladus circinnatus and overgrowing

epiphytic diatoms (mainly Nitzschia frustulum) at Abert

Lake. Mono Lake benthic algae are composed almost entirely

of this same diatom, along with a variety of other less

common diatoms, filamentous bluegreen algae, and

Ctenocladus.

Standing crop of benthic algae for each season is

presented in Figure 111.10. There was no consistently

significant difference in chlorophyll a biomass between

shallow (5-10 cm) and sampling depth (30-50 cm) epilithic

substrates at either lake, so these data were pooled.

Algal standing crops among sites at Abert were also pooled

because of their uniformity. At Mono Lake however, the

distinctly more productive substrates at Black Point Tufa

Shoals are graphed separately from the other sites
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(combined as Lee Vining Tufa Grove and Danburg Beach).

Standing crops at Abert Lake were generally much

higher than at Mono, particularly if compared to Danburg

Beach, where benthic substrates and local habitat is most

similar to Abert sample sites. This occurs despite

incomplete pigment extraction from the thick mats of

Ctenocladus on Abert Lake rocks. The standing crops of

epilithic algae at Black Point Tufa Shoals were similar to

those at Abert Lake, and on sediment substrates were even

greater than those at Abert at times. A higher ratio of

carotenoid to total pigment at Mono (1.42, n=27, SE=.04)

than at Abert (1.13, n=26, SE=.01) over all collections,

corresponds to the predominance of diatoms at Mono Lake

(refer to Appendix 2 and 3). At Abert Lake, higher

carotenoid ratios in the spring, on shallow, marginal

substrates (at 5-10cm=1.22, n=4, SE=.05) than on deeper

rocks (30-50 cm=1.09, n=4, SE=.04), may reflect early

colonization of the edges of the rising lake by diatoms,

followed later by Ctenocladus (there were no differences

between depths in summer and fall). A greater accumulation

of senescent and decomposing algae at Mono Lake is

suggested by the substantially higher percent of total

pigment as phaeophytin (51.7%, n=21, SE=5.7% for all

samples at Black Point Tufa Shoals and Lee Vining Tufa

Grove combined, compared to 1.7%, n=26, SE=0.5% for all

sites and samples at Abert). Most decomposing material at

Abert may be washed out or cast ashore by wave action. At

Danburg Beach, where wave exposure is also an important
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influence, phaeophytin amounts to only 15.3% (n=6,

SE=6.0%).
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DISCUSSION

Surveys of biological diversity in saline lakes in

North America (Rawson & Moore,1944; Kubly & Cole.1979) have

found that the number of taxa declines with increasing

salinity. The results of the present study are consistent

with these surveys, for comparisons of collections both

between and within Abert and Mono Lakes: (1) Abert Lake

has twice as many benthic macroinvertebrates (14 species,

TDS=20-30 g/l) as does Mono Lake (7 species. TDS=80-90

g/l). Galat et al. (1981) report 35 genera of benthic

macroinvertebrates from Pyramid Lake (Nevada), another

large alkaline salt lake of the western Great Basin, which

has a salinity of only about 5 g/l. At the other extreme.

Collins (1980a) found only one benthic metazoan inhabiting

the dense waters of Great Salt Lake (then at a salinity of

about 160 g/l). (2) The number and/or abundance of benthic

species increases at Abert and Mono Lake over 1983-1984.

during a period of dilution by 5-10 g/1 in both lakes (see

however results for E. hians in chapter IV). Other

lakes, such as Lenore, and Soap, in the lower Grand Coulee

system of central Washington (USA), have shown similar

diversification of flora and fauna as lake waters have

freshened (Wiederholm.1980). (3) Local differences within

Abert and Mono Lake show diversity is greatest at those

sites in closest proximity to freshwater inflow (serving

both as a chemical influence in salinity dilution, and as a
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colonization source of invertebrate fauna). The diversity

of benthic invertebrate fauna decreases from southern to

northern sites at Abert Lake, away from the southern inflow

of the Chewaucan River. At Mono Lake, tufa seep areas

harbor the most diverse and abundant fauna. Variations in

salinity, substrate, temperature, wave exposure, and

benthic topography will however interact to complicate any

simple relation of biotic diversity to a single factor.

While the numbers of algal taxa are approximately

equivalent between lakes, Abert has higher epilithic

standing crops compared to Danburg Beach at Mono Lake

(selected for physical similarity to Abert sample sites).

This is due to the vastly greater abundance of the

filamentous green alga Ctenocladus at Abert. The scarcity

of Ctenocladus at Mono Lake is probably related to

inhibition of growth by the present salt concentration of

this lake (chapter VII). In contrast to the low standing

crops found at other Mono Lake locations, algal biomass at

Black Point Tufa Shoals may equal or exceed that at Abert

Lake. A combination of favorable physicochemical

conditions at this site appears to permit rapid algal

growth, and organic detrital sediments in particular

provide a nutrient-rich substrate for the development of an

extensive algal-microbial mat.

These results have important implications for

understanding the abundance and dynamics of the dominant

benthic macroinvertebrate of these lakes, the alkali fly

Ephydra hians. Changing environmental salinity may
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present opposing gradients of adversity to E. hians

growth and survival. If salinity is increased, osmotic

stress may result in mortality or inhibited growth. As

salinity decreases however, biotic interactions with an

increasingly diverse benthic fauna may also suppress

abundance due to predation and competition. At Abert Lake,

this is exemplified by the amphipod Hyallela azteca,

which became extremely abundant in 1984. Though it had

never been collected as recently as 1981-82. and only

appeared in substantial numbers in late summer 1983. this

species, along with dolichopodid larvae, equalled or

exceeded the abundance of E. hians by late 1984. A

browser on algal periphyton and detritus, H. azteca has

been shown to be competitively dominant, depressing

abundance of all other species in experimental microcosms

(Nei11,1974). High ingestion rates, inefficient digestion,

compaction of available biomass into fecal pellets, and the

rapid growth and reproduction of Hyallela (Hargrave. 1970)

are likely to have a strong negative impact on other

benthic grazers/detritivores such as the alkali fly. In

addition, increasing abundance of predaceous dytiscids

(Hygrotus) and damselfly nymphs (Enallagma) at Abert

Lake also undoubtedly introduces losses.

At Mono Lake, increased abundance of dolichopodid

larvae in 1984 is localized and not of the same magnitiude

observed for Hyallela at Abert. Thus biotic interactions

at Mono Lake are probably insignificant with regard to

population regulation because salt concentrations remain
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prohibitive to most invertebrates.
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Figure 111.5. Seasonality of temperature (A) and salinity
(B) at the benthic interface of Abert Lake sample sites over
1983-84. Vertical lines show range of observations on each
sample date. Symbols indicate different sites ( =mp86,
=mp84. A =mp81, 0 =mp78, =mp75; refer to Figure 111.1).
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Table III.1. Chemical and Hydrological Features of Mono and Abert Lakes.

Ion/Element MONO ABERT

Hydrological
Parameters

MONO ABERT

Na
K

Mg

51.9
1.6
0.070

53.4
1.0
0.012

Ca 0.004 0.003 Coefficient of
Cl 20.1 30.2 lake-area

HCO3 7.4 6.0 variation .043-.05 .23-.50
CO3 12.8 8.3
SO4 4.8 0.6 Long-term
B 1.3 0.4 stability (yrs) 200 5.6-11

PO4 0.030 0.040
Response time

pH 9.95 9.95 (yrs) 35 6.9

TDS (g/1) ca.95-75 ca.40-20
over 1982 -34

Chemical composition expressed as molar-percent of major
ions/elements. Mono Lake data based on 1974 and.I982 water chemistry
analyses of the Department of Water and Power, city of Los Angeles
(courtesy R.K.Kurimoto).
Abert Lake data based on 1961 USGS analysis (Phillips &
VanDenburgh,1971). Coefficient of lake-area variation indicates
relative change over time in lake surface area.
Response time is a measure of how rapidly lake levels rise or fall in
response to changes in climate or water budget.
Long-term stability reflects the susceptibility to desiccation, and
residence time of water in the lake basin. Refer to Langbein (1961)
for further discussion.



64

Table 111.2. Benthic Community Species List for Mono and Abert Lakes.

MONO LAKE ABERT LAKE
Benthic Macroinvertebrates

Diptera
Ephydridae
Ephydra hians

Dolichopodidae
Hydrophorus plumbeus

Tabanidae
Chrysops sp.

Stratiomyidae
Odontum ia (Catatasina) sp.
Odontomyia (Odontomyia) sp.
Nemotelus sp.

Ceratopogonidae
Culicoides occidentalis

occidentalis

Diptera
Ephydridae
Ephydra hians

Dolichopodia7F
Hydrophorus plumbeus

Tabanidae
Chrysops sp.

Stratiomyidae
SLiatiom s sp.
Odontomyia ( Odontomyia) sp.
Nemotelus sp.

Coleoptera
Dytiscidae

Hygrotus masculinus
Hydroporus cf. striatellus

Hydrophilidae
Berosus fraternus

Hemiptera
Notonectidae

Notonecta spinosa,
Corixidae
Corisella decolor

Odonata
Coenagrionidae
Enallagma clausum

Amphipoda
Hyallela azteca

Oligochaeta
unidentified sp.

Benthic Alage (spring coll. 1984 only)

Bacillariophyceae
Nitzschia frustulum
Nitzschia epithemoides
Amphora coffaeformis
Anomoeoneis sphaerophora
Anomoeoneis costata
Synedra fasciculata
Navicula sp.

Chlorophyceae
Ctenocladus circinnatus

Cyanophyta
Oscillatoria cf. quttulata
Oscillatoria cf. amphibia
Spirulina cf. subsalsa
Spirulina cf. major
Phormidium cf. tenue
Anabaena sp.

Bacillarlophyceae
Nitzschia frustulum
Nitzschia epithemoides
Amphora coffaeformis
Anomoeoneis sphaerophora
Anomoeoneis costata
Synedra fasciculata
Navicula sp.

Chlorophyceae
Ctenocladus circinnatus

Cyanophyta
Aphanocapsa cf. salina
Phormidium cf. tenue
Oscillatoria cf. guttulata
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COMPARATIVE POPULATION ECOLOGY OF EPHYDRA HIANS SAY

(DIPTERA:EPHYDRIDAE) IN ALKALINE SALT LAKES OF THE WESTERN

GREAT BASIN

CHAPTER IV

INTRODUCTION

Ecological studies of salt lakes suggest that salinity

and biotic interactions may combine to determine species

distribution and abundance. Biological surveys of saline

lakes in Canada (Rawson & Moore.1944; Scudder,1969; Hammer

et a1,1983) and Australia (Bayly & Williams,1966;

Timms,1983) have shown that floral and faunal diversity

decreases with increasing salinity, presumably because few

species tolerate high salinities. The abundance and/or

productivity of salt-tolerant species has often been found

to be highest at moderate salinities though. Decreased

diversity and abundance at high salinity has been

attributed to physiological limitations on survival and

growth by osmotic stress. Decreasing abundance of

salt-tolerant species at low salinity, however, may be

ascribed to the action of predators, parasites and

competitors which are excluded at higher salinities due to

salt stress. These relations have been documented mainly

from studies of planktonic communities but benthic

communities of salt lakes have received only limited

attention, despite their potential contribution to total
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productivity - particularly in shallow lakes (Wetzel.1964;

Paterson & Walker.1974a).

This paper describes patterns of abundance for a

salt-tolerant benthic insect, Ephydra hians in relation

to the physicochemical and biotic features of two alkaline

salt lakes in the western Great Basin - Mono Lake.

California, and Abert Lake. Oregon.

The prediction specifically under investigation in

this study is that abundance of E. hians will be

maximized at salinities intermediate between the

physiological stress of high salinity, and the ecological

stresses of low salinity. This intermediate salinity

hypothesis is examined here in the context of comparative

ecology, for salinity differences between lakes, and as

local and seasonal variations in salinity within lakes.

Seasonal and historical changes in the physical and

chemical environments of Mono and Abert Lakes, and the

dynamics of abundance and species composition of their

benthic communities are presented in chapter III. In

summary, the results of that portion of the study showed

that both lakes underwent a dilution of 5-10 g/1 over the

period of sampling, with Abert changing from about 30 to 20

g/1 TDS (total dissolved solids), and Mono from about 90 to

80 g/l. Concurrent with this salinity reduction, there was

a pronounced increase in abundance and diversity of the

benthic fauna at Abert Lake, while at Mono Lake, such

increases were not as marked and occurred only locally.

The alkali fly occurs primarily in inland, alkaline
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salt water habitats (Wirth.1971). All immature stages are

aquatic and develop through the egg. 3 larval instars, and

pupa. Larvae feed on benthic algae and detritus, and

usually attach themselves to hard substrates at pupation.

Adults also feed on algae. Larvae are capable of osmotic

regulation over a wide range of salinities, but suffer high

mortality at and above a range of 150-200 g/1 (Herbst,1981;

and chapters II and V). The study by Collins (1980a) of E.

cinerea at the Great Salt Lake (Utah). provides a basis

for interspecific comparisons.
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METHODS

Relative Abundance Censusing

Benthic collections for all abundance estimates were

accomplished using the semi-quantitative method of kick-net

sampling. This involved vigorously disturbing an area

approximately 50 cm in diameter (between feet spaced this

wide apart) by repeated kicks and swirling of water above

the sample area. Sediment and organisms suspended in the

overlying water were then removed with two successive rapid

passes (in both horizontal directions) of a circular dip

net 25 cm in diameter (10 inches) with 1 mm mesh. The area

sampled would cover roughly one quarter to as much as one

half square meter. Samples were taken at 50 cm depth in

approximately evenly spaced locations within any study site

(site locations are indicated on lake morphometry maps:

Figures II1.1 and 111.2). and only when calm wind

conditions prevailed. Benthic substrates usually consisted

of mixed rock and sediment in any given sample but local

differences between sites were distinctive with regard to

exposure, freshwater influx, and detritus accumulation

(refer to appendix 1 for further description of each sample

site). Sampling in extremely rocky areas was restricted to

cobble-size rocks or those easily moved. The number of

kicks/sample at any site for a given collection date varied

according to invertebrate density, fewer kicks being taken

as abundance increased (density per sample was then
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standardized according to number of kicks taken). Samples

were sorted and counted on site as 3rd instar E. hians

larvae (1st and 2nd instars not effectively retained by

mesh), viable (bouyant) pupae, and all other retained

macroinvertebrates regardless of size or life stage. The

number of individuals of E. hians in a sample was

converted to ash-free dry weight (AFDW) biomass estimates

based on separate correction factors for larvae and pupae

from each lake, and presented as biomass/kick sample

standing stock abundance (a conservative approximation of

AFDW/square meter could be obtained by multiplying these

estimates by a factor of 2 to 4). Conversion equations

used were as follows:

biomass Abert Lake E. hians

= #L (3.04 mg/ind) (.910 ash-free fraction

+ #P (2.70 mg/ind)(.947 ash-free fraction)

biomass Mono Lake E. hians (same terms)

= #L (2.85)(.755) + #P (1.95)(.918)

[where #L and #P refer to mean numbers of larvae

and pupae per kick for each set of samples]

The data obtained for E. hians population dynamics thus

represent seasonal relative abundance estimates for third
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instar larvae and pupae only.

Body Size

Adults and pupae were collected on most sampling dates

from the study sites, for morphometry and dissections.

Thorax length and total body length of dry, pinned adult

specimens were measured with an ocular micrometer (to .01

mm) and steel calipers (to .05 mm), respectively. Pupal

dorso-ventral width between 3rd and 4th prolegs was

measured on preserved specimens to .01 mm with an ocular

micrometer.

Reproductive Condition

Adult females, collected along shores using a sweep net,

and preserved immediately in 80% EtOH, were measured for

thorax length and the abdomens/ovaries dissected to

evaluate the vitellogenic status of presumptive oocytes,

and count chorionated eggs. Flies were first separated as

vitellogenic (yolk production present) or non-vitellogenic

(no yolk production, with oocytes and eggs entirely absent,

or as presumptive oocytes without yolk). Vitellogenic

flies were further subdivided into those which had produced

complete, chorionated eggs, representing an advanced stage

of oogenesis, and those with only incomplete yolk

deposition in the follicles (an early stage).

Ovipositional activity in nature was inferred from the
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number of chorionated eggs held by females with such eggs.

Presence of comparatively few eggs in the ovaries is

presumed to indicate active egg deposition. Conversely.

retention of many eggs is assumed to indicate active egg

development, but relatively inactive oviposition.
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RESULTS

Population Dynamics of Ephydra hians

Standing stock abundance of E. hians decreases

significantly from 1983-84 at Abert Lake sample sites, and

increases significantly at Mono Lake sample sites over the

same period (Table IV.1). At mp 86 in Abert Lake there is

virtually no difference between years, however the sampling

was insufficient to cover a similar extended portion of

overlapping months as was possible for other sites.

The spring period of May and early June is generally

the time of most rapid population growth, increasing by 1-2

orders of magnitude or more (Figures IV.1 and IV.2). At

Black Point Tufa Shoals this same exponential growth phase

occurs in April and then maintains higher standing stock

levels over a longer period than any other site at either

lake (Figure IV.2). Danburg Beach in spring 1984 also has

an April peak in growth rate. Population size increases to

summer maxima at Abert, and usually early fall at Mono,

then decline gradually through autumn into winter, with

high mortality over winter apparent in the minimum

abundance levels in late winter to mid-spring.

Abert Lake sites generally have a higher standing

stock biomass than the Mono Lake sites in 1983 (excluding

the Black Point Tufa Shoals), with the reverse true in

1984. This is particularly evident in relation to the

Danburg Beach site, the most comparable to Abert sites in
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terms of substrate and wave exposure. The more northerly

sites at Abert lake tend to harbor a greater cumulative

alkali fly biomass than southern sites, most obvious in

1984 with the inclusion of the northernmost sample site at

mp 75, studied only in this year (Table IV.1). Moderate

abundance at mp 86 is anomalous in this respect, but again,

sample data are limited at this southern location. In

1985, a spot-check sampling (on 17 June) comparing mp 87,

86. and 78, showed several species of predatory benthic

insects (Hygrotus and Enallagma, see chapter III) were

quite common at the southern sites (mp 87 & 86) but

occurred only rarely at the northern mp 78. The abundance

of E. hians however was over an order of magnitude

greater at this northern site compared to the southern

locations.

Seasonal changes in population stage structure are

indicated by changes in the proportion of pupae in benthic

kick samples. Pupae are at a minimum in winter-spring at

both lakes, increasing to moderate levels in summer and

peaking in autumn of both years (Figure IV.3). This

suggests that the population is composed primarily of

larvae in spring, developing to pupae in summer while

continued generations of larvae appear, with larval

recruitment ending in late summer - early fall as these

summer generations develop into pupae. Decreasing

temperatures in autumn may also contribute to an increased

proportion of pupae in samples due to the slowing of

development and consequent increased residence time of this
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stage in the lake. Pupal abundance in this study coincides

with the late summer-autumn "Koo-cha-be" harvest of

Kuzedika Paiute legend (see chapter II).

Body-Size

Body sizes of all life stages of Abert Lake E. hians

are larger than those of the Mono Lake population by both

morphometric and gravimetric measures (Figures IV.4 and

IV.5, and appendix 4). Seasonal cycles in body size at

maturity (pupae and adults) at both lakes suggests some

environmental control of this trait. Adult body size is at

a maximum in spring, declining gradually through summer to

an autumn minimum (Figure IV.4). Body size is usually

intermediate between these levels in winter. Although the

data on pupa size variations are not as complete and may be

biased by microhabitat effects at the collection locale.

the same general trends are apparent (Figure IV.5).

Reproductive Condition

Seasonal reproductive activity (Figures IV.6 and

IV.7), assessed from dissection of ovaries, showed the most

substantial decrease in numbers of retained chorionated

eggs (i.e. increased egg laying) occurs over May-June.

coincident with the late spring period of rapid population

growth (although this apparently occurs somewhat earlier in

1983 at Abert Lake). Egg counts in summer were invariably
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lower than in spring, indicating continued oviposition. In

autumn at both lakes nearly all flies examined showed no

vitellogenic activity (a few remaining in the Mono coll.),

indicating discontinued ovipositional recruitment at this

time (data for 1984 only). The inferred decline in egg

inputs attributable to vitellogenic inactivity is

reinforced, or perhaps initiated, by the decreasing

reproductive capacity and success associated with reduced

body size in autumn. These results also support the

decrease in recruitment suggested by increasing percentage

of pupae in autumn samples. Only a few flies collected as

adults in the field in early autumn of both 1983 and 1984

produced eggs in the lab, while most of those collected in

spring or summer did so readily. Flies reared in the lab

from pupae collected in the field at any time were usually

capable of active reproduction and oviposition though, if

provided with high quality algal food. During winter,

Abert Lake flies are nearly all non-vitellogenic while Mono

Lake flies were all vitellogenic but with oocytes entirely

at an early developmental stage. In either case these

flies are incapable of depositing eggs at this time. By

late winter, flies are vitellogenically active, contain

large numbers of chorionated eggs, and may be seen basking

in the sun (presumably enhancing metabolism and egg

development).
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DISCUSSION

In the present study, dilution of two lakes at either

end of a salinity range of ca. 30-90 g/1 is accompanied by

decreasing standing stock of the dominant benthic

macroinvertebrate population in the less saline lake, and

increasing standing stock in the more saline lake. I

propose that these trends may be attributed to ecological

limitations becoming increasingly important at Abert Lake,

and to decreasing physiological demands for osmoregulation

enhancing population growth at Mono Lake (Figure IV.8).

Between-site contrasts within lakes are also consistent

with this hypothesis. Black Point Tufa Shoals experiences

the most seepage, and lower and more variable salinities

than any other site sampled at Mono Lake, and contains the

greatest standing stock biomass of alkali fly larvae and

pupae at either lake. No doubt other features of this

habitat also contribute to the abundance of E. hians

(e.g. longer and warmer growing season, wave-protection,

organic sediments, and algal mats). At Abert Lake, a

decreasing cline in diversity at sites from south to north

is associated with increasing abundance of E. hians,

especially in 1984 (except at the most southern site mp 86,

where little change in diversity, alkali fly abundance, or

salinity were observed over the course of the study

though these became obvious in 1985). Predators such as

dytiscids and coenagrionids, and competitors like the

amphipod Hyallela were becoming increasingly abundant.
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especially at southern sites, and could be important biotic

forces regulating the abundance of E. hians (see chapter

III).

An alternative interpretation of population abundance

dynamics is that the high sampling variabilty results in

chance differences among sites. However, the consistency

of seasonal changes among sites, and the uniformity of

increasing abundance among Mono sites, and decreasing

abundance at Abert sites (in addition to the within-lake

cline in sites), argues against an explanation that would

predict random changes among sites. Another possibility is

that rising lake levels in 1984 left much of the Abert Lake

littoral uncolonized and thus apparently depauperate.

However, lake levels were rising even more rapidly in 1983

(when E. hians abundance was high). Moreover, Mono Lake

levels were also rising equivalently in 1983-84 and

densities, contrary to Abert, were increasing. In either

lake, levels were falling by summer 1984 anyway.

Increasing abundance of E. hians at Mono Lake may

also result from the indirect influence of decreasing

salinity in conjunction with the direct reduction of

physiological stress. This indirect effect may be

manifested through enhanced growth of algae at lower

salinity, thus improving quality and quantity of benthic

algal food for the alkali fly (chapter VII).

Productivity and standing stock abundance in saline

lakes often reach maximum values at moderate salinities,

but the range defining these moderate salinities varies
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among studies. This may be related to differences in the

salt tolerance of inhabitant species. Less salt-tolerant

organisms will become physiologically limited at relatively

lower salinities, and the competitors, predators, and

parasites that act to reduce the abundance of the

salt-tolerant dominant species may not colonize until salts

become considerably diluted. Water chemistry and ionic

toxicity may further exert an important influence on

species composition of salt lakes and thus alter the

relative range of the moderate salinity production maximum.

In a quantitative survey of Canadian salt lakes,

Rawson & Moore (1944) found highest standing stock of

benthic invertebrates in a lake at 2.5 g/l, and of

zooplankton in another lake with 8 g/1 TDS. Although

numbers and biomass declined at either more dilute or more

concentrated salinities, this is impossible to evaluate

over a wide range of TDS since no lakes were examined

between 20 g/1 and the most saline lake at 120 g/l. Timms

(1983) found peak benthic abundance among 24 shallow saline

Australian lakes at 7 g/l, with a subsidiary peak around

25-30 g/l. Again however, this represented an incomplete

series since it did not include any lakes over the salinity

range 40-80 g/l. Paterson & Walker (1974a) reported a

detailed study of the productivity of a benthic midge in

Lake Werowrap, one of the lakes sampled by Timms (op.

cit.). An extremely productive population (ranking among

the highest recorded for any benthic lentic invertebrate)

of the midge Tanytarsus barbitarsis was found while this
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lake was at a salinity between 36-56 g/l. Data in Timms

(op.cit.) shows that Lake Werowrap was considerably more

dilute (21 g/l) in 1980 than when Paterson & Walker studied

the lake (ten years previous in 1969-70), and had a far

lower abundance of this midge. Paterson & Walker (1974b)

suggest from fossil sediment remains of other chironomids

that T. barbitarsis abundance is restricted at lower

salinities due to an inability to compete with other

tube-building sediment feeders, rather than a physiological

intolerance of dilute salinities. However, salinities

above 50 g/1 severely reduced survival and development.

Timms (1981) also reported that-macroinvertebrate benthos

in three deep Australian salt lakes was maximum in the

intermediate salinity lake (8 g/1), but that zooplankton

abundance was maximum in the high salinity lake (58 g/l).

This suggests that different degrees of salinity tolerance

among different species or community assemblages may alter

the relative range of moderate salinities over which

productivity is maximum.

Scudder (1983) explained the distribution of two

species of water boatmen (Cenocorixa) as resulting from

a combination of physiological and ecological factors. The

more salt tolerant of the species occurs in greatest

abundance over a moderate range of salinities from ca. 5-25

g/l, with the upper limit set by osmotic stress, and the

lower imposed by parasitic water mites tolerant only of

salinities below 5 g/l. The less salt tolerant species is

not found in lakes with a salinity of more than ca. 18 g/1
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but does occur in freshwater and low salinity lakes since

water mite parasite loads are somehow kept at relatively

low levels. In studies of zooplankton salt tolerance,

Galat & Robinson (1983) speculate that the relatively

greater abundance of certain microcrustaceans in Walker

Lake (11 g/l) than Pyramid Lake (5.5 g/l) and in microcosms

of comparable salinity, is due to the absence or reduction

in numbers of certain predatory and competing zooplankters.

Inability to survive in salinities above 20-25 g/1 again

produces peak abundance in a moderate salinity range.

Wiederholm (1980) documented changes in benthic fauna

abundance at Lake Lenore (Washington,USA) over the period

1950-75 while this alkaline carbonate lake was undergoing a

diluton from ca. 17 to 1.5 g/1 TDS. While salinities were

still relatively high (6-17 g/l) two midges (Tanypus

nubifer and Cricotopus ornatus) were extremely

abundant, but following dilution below 6 g/l, were

virtually eliminated from the benthos while other midges

and the amphipod Hyallela azteca colonized. C. ornatus

was reported as having a low productivity in meromictic

Waldsea Lake, Canada (ca. 5-20 g/l) by Swanson & Hammer

(1983). However, Mg-Na sulfate chemistry, seasonally

fluctuating salinities, limited favorable littoral habitat,

and presence of fish and insect predators appear to limit

production of what otherwise was known to be an abundant

species at similar salinities in Lake Lenore. Soap Lake

(17 g/l) also harbors abundant C. ornatus and T.

nubifer and like nearby sister lake Lenore in earlier high
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salinity years, is without predatory fish.

Continued changes in levels of Mono and Abert Lakes

should lead to predictable qualitative changes in the

abundance of E. hians if this intermediate salinity

hypothesis is correct. It is interesting to note that huge

pupal windrows and dense larval abundance occurred at Abert

Lake in 1981 when salinity was 50-80 g/l, but were not

observed in subsequent years. Moreover, historical

accounts of Mono Lake in the 19th and early 20th centuries

indicate the same vast accumulations of pupae cast ashore

(salinity was about 50 g/1 during these periods), although

I have never observed these at Mono from 1976 to the

present. Future studies of benthic productivity in the

context of this model also need to distinguish between the

overall abundance of benthic fauna, and that contributed by

what is often the dominant, relatively salt tolerant

species population.

Collins (1975; Collins et a1,1976; 1977) has

documented the interaction of physical and biotic factors

in regulating abundance of thermal springs ephydrids. Flow

regime, temperature, pH, predators, parasites, and food

limitation restrict the distribution and productivity of

the predominant herbivore brine flies in these simple

ecosystems. Ephydra bruesi is most abundant in the

low-productivity algal mats of alkaline springs, since

unstable water flows found in grazed high-productivity mats

are avoided, as are egg predators of this species. Body

size fluctuations in the acid-tolerant species E.
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thermophila were related to larval food limitations

(Collins,1975), and apparently unlimited food resources for

Paracoenia turbida in high-productivity alkaline springs

resulted in constant pupa size for this species.

Body size or weight among higher dipterans are

typically reduced by larval food stress (e.g. Haupt &

Busvine,1968; Robertson,1960). Furthermore, increases in

salinity or temperature reduce body size in brine

mosquitoes (Parker,1982). Collins (1980b) has demonstrated

that decreased algal food quality reduces body size in E.

cinerea. Density manipulations of larvae in the field

also showed that pupae were significantly larger in low

density enclosures than in high density enclosures

(Collins,1980a). Furthermore, adults were larger in a year

when pupal densities were lower, suggesting

density-dependent intraspecific food limitation may have

occurred. Similarly, studies of E. hians (chapters II

and V) show that improved food supply or decreased salinity

enhance development rates and size at maturity.

The seasonal cycles in body size of E. hians adults and

pupae at Mono Lake also show a relationship to algal

standing crop fluctuations, suggesting larval food

limitation as one explanation for these cycles. Body size,

and algal biomass (chapter III, Figure III.10) are highest

in late winter-spring, declining to lower levels in summer

and autumn. However, Ctenocladus mats were always present

on rock surfaces at Abert. How then can food be limiting?

Collins (1975) has shown that the herbivorous brine fly E.
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thermophila can be food-limited even in the apparent

abundance of the filamentous green alga Zygogonium.

Interstitial algae in the agogonium mat are the primary

food of this ephydrid, and either because of the diffuse

nature of this food resource or grazing depletion, body

size was reduced to 50-65% of maximum at all times during

his study. Similarly, diatoms are a much higher quality

food source for alkali fly growth than the filamentous

green alga Ctenocladus (chapter V). Seasonal changes in

diatom availability in Ctenocladus mats may thus alter the

growth and size at maturity of E. hians. Data bearing

on the seasonal abundance of diatoms at Abert Lake are

equivocal however (appendix 3).

An alternative explanation of seasonal cycles in body

size is that these are inversely related to temperature,

such that colder spring conditions promote larger sizes,

declining as temperatures warm into summer. However, if

cooler conditions produce increased body size, then flies

should be relatively large in fall as well as in spring.

Although this is not the case, temperature effects on

larvae may be the critical determinant of size at maturity.

and small autumn pupae may be derived primarily from

summer-developing larvae. Further lab studies of food and

temperature effects on size should be undertaken.

Ecological experiments involving density manipulations of

larvae in enclosures may also elucidate whether algal

production is grazer-limited, and if crowding and food

depletion reduce alkali fly body size at times when flies
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are otherwise relatively large. Laboratory studies

(chapter V) demonstrate that food deprivation and increased

salinity can reduce body size, and that a heritable

component for this trait also exists, with Abert flies

consistently larger than Mono flies when reared under the

same conditions.

Collins (1980a) found larvae of E. cinerea from

Great Salt Lake to be at minimum densities in June, while

pupae were at maximum densities. This situation was

suggested to result from a synchronization of overwintering

development among larvae, followed by pupation and mass

adult emergence when temperatures increased in June. Egg

inputs were low in early summer and reached maximum levels

by mid-summer. In contrast, the relative abundance of E.

hians pupae is minimum in spring and increases through the

summer to an early autumn peak. Oviposition begins in late

spring/early summer, with larval abundance increasing

exponentially at the same time. Although Collins does not

report on population dynamics beyond late August, it is

apparent that E. hians population growth begins earlier

than E. cinerea and probably has a longer growing season.

This follows also from the fact that pupal development rate

for E. cinerea is substantially slower than that of E.

hians at the same temperatures, and thus will delay the

seasonal onset of activity and curtail growth earlier in

fall (chapter II, Figure 11.3). Thus E. cinerea appears

to have a residual winter-spring generation that develops

synchronously and emerges in early summer to produce 1-2
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generations. E. hians however develops continuously

through spring-early summer, while the adult population

builds gradually both from recruitment of previous

overwintering generations (which may be very long-lived at

low temperatures) and new emergences, and then produce

several summer generations until oviposition ceases in

fall.

A considerable amount of benthic research in

freshwater ecosystems has been directed at quantifying the

secondary productivity of invertebrate fauna (Waters,1977).

Although the relative abundance census data collected in

this study are not reliable for calculating annual

productivity, a minimum estimate of mean annual standing

stock may be derived using conservative assumptions. Means

weighted by the proportion of the year represented by the

interval between successive samples were summed and

converted from ash-free dry weight to dry weight for

samples taken from spring 1983 to spring 1984, and

multiplied by 2 to convert biomass/kick to biomass/square

meter. The weighted mean annual standing stock biomass so

obtained ranges from 0.4-0.5 g/m 2 at Danburg Beach and

Lee Vining Tufa Grove respectively to 3.6 g/m 2 at Black

Point Tufa Shoals for Mono Lake, and from 0.7-1.5 g/m2

at mp 86 and mp 81 respectively for Abert Lake. The

average summer biomass for E. cinerea at Great Salt Lake

(Collins,1980a) range from 3.8 g/m2 on sand, to 49

g/m2 on rock and mud substrates, with a whole-lake mean

of 7.9 g/m 2
. These values probably overestimate annual
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mean biomass. However, comparable summer figures at Mono

and Abert are nonetheless lower, at 0.8-4.6 g/m 2 and

1.5-5.1 g/m2 respectively (for littoral zone at 50 cm

sample depth only). Considering the incomplete sampling

method (certainly missing, many larvae in the kick-net

census, not even considering 1st and 2nd instars),

overestimation of sampling area per kick (probably not as

much as a half-square meter encompassed by each kick

sample), and multivoltine population dynamics, these

numbers might underestimate productivity by as much as an

order of magnitude or more. Comparisons with other saline

lakes for which benthic standing stock biomass has been

determined are compiled in Table IV.2. These lakes

represent some of the most productive habitats for benthic

fauna known from any aquatic habitats.

The history of reliction of Great Basin pluvial lakes

and the long-term and often seasonal variations in

physicochemical conditions and habitat availability have

provided the template for the relatively recent evolution

and adaptive plasticity of the alkali fly Ephydra hians.

The expression of life history traits and physiology appear

to be strongly influenced by the environment. Salinity,

chemical composition, food availability and the presence of

other benthic invertebrates interact to alter osmotic

tolerance, growth rates, habitat specificity, population

dynamics, abundance, and body size. Since many generations

of evolutionary history of the alkali fly probably occurred

in moderate salinities of carbonate-enriched waters in low
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diversity communities, this species may be highly

vulnerable to predation, parasitism, and competition when

salinities are low. As salinity increases or ionic

proportions change, growth may become increasingly

energetically limited, reducing development rate, size at

maturity, and survivorship. While these generalizations

are suggested by the preceding ecological comparisons,

experimental studies of water chemistry and food resource

effects on life history are needed to separate and quantify

the consequences of variation in these abiotic and biotic

factors to development, reproduction, and population growth

potential. This research is reported in chapters V. VI,

and VII.



88

AMJJA S ONDJFMAMJJAS
1983 1984

Figure IV.1. Seasonality of Ephydra hians standing stock
abundance of larvae and pupae at Abert Lake. Expressed as
log biomass in milligrams ash-free dry weight (AFDW) per
kick sample. Numbers beside each point are the sample size.
Vertical lines are one SE on either side of the mean.
Symbols refer to sample sites on Figure III.1: = mp86,
= mp84, a = mp81, 0 = mp78, 0 = mp75.
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Figure IV.2. Seasonality of Ephydra hians standing stock
abundance of larvae and pupae at Mono Lake. Expressed as log
biomass in milligrams ash-free dry weight (AFDW) per kick
sample. Numbers beside each point are the sample size.
Vertical lines are one SE on either side of the mean.
Symbols refer to sample sites on Figure 111.2: 0 = Black
Point Tufa Shoals, 0 = Lee Vining Tufa Grove, A = Danburg
Beach.
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Figure IV.3. Percentage of Ephydra hians pupae in benthic
kick samples (relative to larvae). Open circles = Mono Lake
samples, open squares = Abert Lake samples. Number of sites
sampled for each date indicated next to data point. Error
bars are one SE on either side of means. Sandy sites
excluded from Mono Lake samples.
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Figure IV.6. Seasonal reproductive activity of Ephydra hians at Abert Lake.
Bottom panel shows percent of females vitellogenic (producing yolk). middle
panel shows the percent of these that possess fully developed. chorionated eggs,
and top panel shows the mean number of chorionated eggs in the abdomen of those
having such eggs (bars). Standard error of egg number indicated by lines on top
of bars. Sample sizes for each category are at the top of bars.
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Figure IV.7. Seasonal reproductive activity of Rphydra hians at Mono Lake.
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ECOLOGICAL PHYSIOLOGICAL
LIMITATIONS LIMITATIONS

SALINITY
Figure IV.8. Model of hypothetical relationship between
salinity and abundance of Ephydra hians. Abundance is
proposed to be maximized at salinities intermediate between
the physiological limitations of high salinity stress. and
the ecological limitations imposed by biotic interactions
(e.g. predation and competition) at low salinity. Salinity
dilution at Mono Lake was accompanied by increased abundance
of E.hians. while dilution at Abert Lake was accompanied by
a decrease in abundance.



Table IV.1. Comparison of E.hians abundance between years.

Cumulative Standing Stock
Biomass (g AFDW/kick)

Site Period Compared 1983 1984 p-value

MONO LAKE
Danburg Beach April-Sept.(18w) 3.23 7.35 ***
Lee Vining

Tufa Grove May-Sept.(15w) 2.18 4.35 ***
Black Point

Tufa Shoals May-Sept.(15w) 14.81 21.90 **

ABERT LAKE
mp 86 June-Sept.(10w) 5.34 5.38 ns

mp 84 April-Sept.(18w) 8.20 2.23 ***

mp 81 April-Sept.(18w) 17.23 2.82 **

mp 78 May-Sept.(15w) 10.70 4.95 *

mp 75 April-Sept.(18w) --- 7.71 --

Biomass values are the cumulative sum of standing stocks for weekly
intervals over the period of comparison. These were derived from the
curve connecting actual sampled abundance means (Figures IV.1 & IV.2).
Note that no sampling was conducted at mp 75 (Abert) in 1983.
p-values indicate significant differences by Wilcoxon's matched-pair
test (for n= number of weekly intervals):
p<.05(*) p<.01(**) p(.001(***).



Table IV.2. Abundance of benthic invertebrates in some saline lakes.

Lake
Salinity

(g/l)
Mean Annual Standing
Stock Biomass (dry wt g.111-2)

Dominant
Species Reference

Last Mountain 2.5 8.55 * midges Rawson & Moore,1944
Little Manitou 118 0.18 *

ilic:::psuPs.ornatus

Rawson & Moore,1944
Lenore/Soap 17 ca 14.9(max)* an y nubifer &ous

:r Lauer,1963
Waldsea 5-20 0.01-.02 C.ornatus Swanson & Hammer,1983
Werowrap
Pyramid

36-56
5.5

8.07
ca 1.0(1200ind m

-2
)

TanyflL__sus barbitarsis Paterson & Walker,1974a
Robertson,1978oligochaetes and midges

Purrumbete 0.4 0.82 oligochaetes Timms,1981
Bullenmerri 8 1.24 oligochaetes and midges Timms,1981
Gnotuk 58 0.26 I.barbitarsis Timms,1981
Great Salt 130 3.8-49 * Ephydra cinerea Collins,1980a
Mono 80-90 0.4-3.6

(0.8-4.6) * E.hians This study
Abert 20-30 0.7-1.5

(1.4-5.1) * E.hians This study

* = mean summer biomass only



DEVELOPMENTAL EFFECTS OF SALINITY AND ALGAL FOOD

AVAILABILITY ON THE ALKALI FLY

EPHYDRA H.IANS (DIPTERA:EPHYDRIDAE)

CHAPTER V

INTRODUCTION
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The aquatic larvae of Ephydra hians Say are

osmoregulators (Herbst,1981). Variations in environmental

salinity and ionic composition will therefore require an

expenditure of energy to maintain osmotic balance. If

energy is limiting, osmoregulation may reduce the energy

available for growth, leading to prolonged development,

and/or reduced body size at maturity. Although the

physiological and cellular mechanisms associated with ion

and water balance have been investigated in numerous

species of salt water invertebrates, very few studies have

examined the net cost of these processes to the development

of these organisms.

The alkali fly (E. hians) inhabits alkaline salt

lakes in western North America (Wirth,1971). Larvae

develop through 3 instars, feeding on algae and detritus in

the shallow littoral zone. Mature larvae attach to

submerged hard substrates to pupariate, and emerging adults

gather along lake shorelines. The alkali fly is often the

most abundant occupant of the benthic region and shores of

inland alkaline mineral waters in the Great Basin (chapter
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II, and Aldrich,1912).

Closed-basin lakes and ponds vary in chemical

composition, solute concentration, and history. Salinity

of habitats from which the alkali fly has been collected

range from around 5 to 200 g/1 total dissolved solids (TDS)

and major ions usually include sodium, bicarbonate,

carbonate, and chloride. These waters are often extremely

alkaline as well, typically with a pH in the range of 9-11.

Habitat stability ranges from seasonally ephemeral ponds to

lakes persisting since at least pleistocene times. In

addition to the bioenergetic demands associated with these

physicochemically varied environments, local and seasonal

differences in the amount and quality of algal food

available to larvae presents a source of variability in

energy and nutritional supplies. Adults and pupae of the

alkali fly from Mono Lake, California, are consistently

smaller than E. hians from the less saline Abert Lake,

Oregon (chapter IV). The histories of these lakes have

presented different selection regimes for salinity

adaptations (chapter III), and comparisons of these

populations provide a basis for evaluating these

adaptations as well as the environmental and genetic

origins of the observed size differences.

This study examines possible competition between

energy demands for osmotic homeostasis and for growth and

development under several levels of resource quality and

abundance. When food supply is limited, growth and

development are expected to decline with increased
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salinity. Without food limitation however, developmental

processes should exhibit a greater degree of independence

from the effects of elevated salinity.

The objectives of this study were to determine : (1)

the effects of varied salinity on survival, development,

and maturation of larvae from Mono and Abert Lakes when

high quality food is available in continuous supply, (2)

the influence of food supply levels on survival,

development, and maturation of Mono Lake larvae at constant

salinity, and (3) the influence of differences in pupal

size, resulting from altered larval development, on adult

emergence. Chapter VI addresses the relation of size at

maturity to adult reproductive biology.

The capacity of an alkali fly to buffer growth and

development against salinity changes may differ depending

on the population from which it originated. Differences

may be due to different genotypes or to

genotype-environment interactions, which may carry over

from one generation to the next. The fourth objective is

to compare Abert and Mono populations reared under the same

environmental conditions, to determine if a difference

exists between populations.



101

METHODS

Population Sources

Mono Lake, in east-central California, and Abert Lake,

in south-central Oregon, are closed-basin lakes in the

western Great Basin high altitude desert. These are both

alkaline salt lakes with pH near 10. Abert is a shallow

lake with a salinity of about 25g/1, while Mono is a deep

lake with a salinity of about 85 g/l. The dissolved

inorganic solutes of these lakes consist primarily of

carbonate and chloride salts of sodium, with Mono Lake also

having appreciable quantities of sulfate. Being a shallow

lake, the water levels and salinity of Abert Lake are more

prone to fluctuate with yearly changes in climate and

run-off. Although Mono is a relatively stable, permanent

lake, salinity has gradually increased from about 50 g/1 in

1940, to the present salinity, due to diversion of

tributary streams. Detailed descriptions of water

chemistry and lake histories are given in chapter III.

Adult Rearing and Egg Collection

Adults reared in the lab from field-collected pupae

provided the eggs from which larvae were obtained for

experimental treatments. Pupae were gathered from both

Abert and Mono Lake during summer months of 1983-84.

Adults emerging in the lab were placed together as mixed



102

sexes, in screened half-pint jars, for mating and

egg-laying. Abert and Mono Lake flies were always

maintained separately. Lab-cultured algae (mixed diatoms

and blue-green algae) were provided on moistened filter

paper discs as a feeding and oviposition substrate. After

several days, discs were removed and replaced with fresh

discs of algae. The old discs, containing deposited eggs,

were then incubated in shallow petri dishes containing 50

g/1 lake water from the parental lake source. Viable eggs

generally hatched within 48 hours of collection. First

instar larvae were then exposed to experimental treatments.

Osmotic Stress on Larval Development

Filtered lake water (0.45 micron pore size membrane

filters) from both population sources was used to prepare

salinities of 10, 50, 100, and 150 g/1 TDS. The upper

concentration was chosen because first instar larvae did

not survive longer than 72 hours at the lethal

concentration of 200 g/l. The lower salinity is nearly

isoosmotic with the larval hemolymph, representing the

theoretical minimum for osmoregulatory energy cost

(Herbst,1981). Rotary evaporation was used to concentrate

lake water under vacuum at a low temperature (30-40°C).

Distilled water was added to lake water to prepare more

dilute salinities. Final salinity concentrations were

obtained by adjusting solutions to a calibrated specific

gravity corresponding to the desired salinity (as g/1 total
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dissolved solids, see Figure 111.7).

To examine the influence of osmotic stress on

development of the larval stages, two groups of 25 first

instar larvae each were placed into covered, translucent

culture bowls containing 30 ml of lake water at each of the

four salinities. Larvae were reared in saline water from

their native lake source, except in one set of transfer

experiments in which Mono larvae were raised in 50 g/1

Abert Lake water. This transfer experiment allowed the

comparison of differences in developmental traits between

populations for larvae reared under identical conditions.

These salinity experiments were conducted in a controlled

environment room at 25°C, on a 14:10 L:D photoperiod.

Food provided in these experiments consisted of a

mixture of lab-cultured diatoms and blue-green algae

(mainly Nitzschia frutulum and Oscillatoria spp.,

respectively). Algae were scraped from rocks collected

from both lakes and inoculated into mixed lake waters

adjusted to 50 g/1, and enriched with nutrients, vitamins,

and trace elements (refer to Table VII.1). After several

weeks of growth, algae were harvested by centrifuging the

contents of culture flasks so that a pellet of moist algae

was obtained. The resulting algal paste was provided to

developing larvae as food was depleted. Fecal pellets were

removed with a Pasteur pipet, and stagnant culture water

replaced at least every other day. Stagnation and

bacterial growth in larval rearing media became a problem

in the small volumes of unaerated culture water. This was
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particularly true at the lowest salinity (10 g /l) and

caused deaths of early instars. At higher salinities,

bacterial growth appears to be inhibited, thus

stagnation-related mortality was not evenly distributed

over treatments.

Development rates were monitored daily by recording

the number of third instar larvae and pupae forming in each

treatment group. Age at molt to the third instar (this

stage characterized by prominent transverse dorsal black

markings), indicates the combined duration of early instars

(first and second). Age at pupariation (puparium

formation) delimits the total duration of all larval

stages. The difference between these measures could be

used to approximate the mean duration of the third instar.

Pupae were isolated upon formation and held until

emergence. The time until emergence was recorded (if

occurring) and pupal size measured as the dorso-ventral

width between 3rd and 4th prolegs (width is maximum at this

position). Adults were killed within 12 hours of emergence

in ethyl acetate fumes, dried for 48 hours at 60°C, and

stored in a desiccator until weighing. Adult lipid content

was determined as the weight difference before and after

Soxhlet extraction of dried adults in petroleum ether for

20-24 hours. Salinity effects were evaluated by one-way

ANOVA, and between-treatment differences resolved by

Fisher's multiple comparisons least significant difference

(LSD) test at the .05 level.
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Food Supply Restrictions on Larval Development

The effect of variation in food availability on larval

survival and development was evaluated using individuals

isolated as newly-hatched first instars. The food

consisted of field-collected algae, composed mainly of the

filamentous green alga Ctenocladus circinnatus, and

some adhering epiphytic diatoms (mainly Nitzschia

frustulum). This algal food was provided to all larvae

for the first two days after hatching. Subsequently, food

was provided on one of the three following feeding

schedules: (1) every day (designated as 100%, or ad lib

availability), (2) 2 days with food, followed by 2 days

without (50% availability), and (3) 1 day with food,

followed by 3 days without (25% availability). Individual

larvae were maintained in the cells of multi-well culture

plates, in 1-2 ml of 50 g/1 Mono Lake water that was

replaced daily. Only Mono Lake larvae were used in these

experiments. Mortality, date of molt between each instar,

and pupariation date were recorded daily. The size of

pupae forming, and adults emerging in these experiments

were measured as described earlier for pupae, and as total

body length for adults, using steel calipers (to .05mm).

Temperature was held constant at 20°C, and photoperiod

maintained at 14:10 L:D.

The relationship of pupal size to adult emergence was

determined using emergence records from the experimental

treatments outlined above, and from records for
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field-collected third instar larvae pupating in the lab

under a variety of rearing medium salinities.
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RESULTS

Effect of Osmotic Stress on Larval Development

Survivorship among first and second larval instars was

lowest at both the most dilute (10 g/1) and highest (150

g/l) salinities in both populations (Figure V.1). Survival

from the third instar onward was uniformly high across all

treatments, with 94-100% of these final instars surviving

to pupariation, and 70-90% of pupae emerging as adults.

The first larvae molting to the third instar invariably

required the least time to complete the third instar and

pupate. Delayed molting into third instars prolonged the

development of this stage before pupae formed. These

late-forming pupae, and emerging adults, also tended to be

smaller, suggesting that factors inhibiting early

development carry over into later stages.

The time required to complete development of the early

instar larvae from the Abert population was significantly

shorter at 10 g/1 than at higher salinities, and was

prolonged at 150 g/1 compared to lower salinities (p<.05,

Fisher's LSD test, Figure V.2). Identical results are

found for the duration of the entire larval life (all

instars, Figure V.2). Pupal development times show no

significant differences among salinity treatments, or

between populations (Figures V.2 and V.3). However, Abert

pupae forming at low salinity (10 g/1) are significantly

larger than those forming at higher salinities (Table V.1,
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p<.05). Conversely, pupal size is reduced at 150 g/1

(p<.05 relative to 2 of 3 lower salinity treatments).

Furthermore, body size and lipid content are lower in

adults emerging from these pupae (Table V.1, p<.05).

Larvae from the Mono population develop most rapidly

at 10 g/1 (p<.05 for duration of either early instars or

all instars, Figure V.3), but in contrast to the Abert

population, larval lifespan is also significantly shorter

at 150 g/1 relative to 50 or 100 g/1 (p<.05). Pupa size is

also larger at the lowest salinity relative to higher

salinities (Table V.1, p<.05 for 50 and 100 g/l, but not

significant for 150 g/l). However, the weight of adult

Mono flies is significantly greater at 150 than at 10 or 50

g/1 (p<.05, ns at 100 g/l) . Lipid content of these Mono

adults reveals no significant differences among treatments

except between 50 and 100 g/1 (Table V.1).

Comparison of Mono larvae reared in 50 g/1 Abert Lake

water (=treatment M50A) versus 50 g/1 Mono Lake water,

reveals that development time is significantly shorter in

Abert water (p<.01-.001, t-test for early instars, and all

instars, respectively, Figure V.3). Early instar survival

also is improved, from 64% in Mono water to 86% in Abert

water. Adult mass is greater in Abert water (p<.05, Table

V.1), but is no different in comparison to any other Mono

Lake water salinity treatment. This appears to be due to

several very slow developing larvae in 50 g/1 Mono water

that pupated late and emerged as exceptionally small

adults.
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Comparing Mono larvae reared in 50 g/1 Abert water

with Abert larvae in the same medium reveals differences

between populations. Pupal size and adult mass were

significantly larger among Abert flies (p<.001 t-test,

Table V.1), corresponding to the difference observed

between populations in nature (chapter IV. Figures IV.4 and

IV.5). Although no significant differences in development

times were found between populations when both were reared

in Abert water, Abert larvae reared in 50 or 100 g/1 of

their native lake water develop more rapidly than Mono

larvae in the same salinities of Mono water (p(.001,

t-test).

Effect of Food Restrictions on Larval Development and

Survivorship

Survivorship curves of Mono Lake larvae show that

rearing at low levels of algal food availability results in

substantial mortality, particularly among early instars

(Figure V.4). At the 25% food level, no larvae developed

beyond the second instar, and at 50%, development was so

slow that the experiment was terminated with surviving

larvae (31% of original) at an age >160 days. By this

time, only a few larvae had pupated. Table V.2 shows that

reduced access to food also results in prolonged

development time and smaller size at maturity.

Influence of Pupal Size on Adult Emergence
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Adult emergence declines with decreased pupal size

below a maximum dorso-ventral width of 1.70 mm (Figure

V.5). Virtually no emergence was observed below 1.50 mm.

At the upper end of the size range (2.30-2.40 mm). adults

emerged from all pupae. Emergence occurred from about 80%

of pupae in the intermediate size range.
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DISCUSSION

In Abert Lake flies, developmental rates and size at

maturity decreased with increased salinity, consistent with

the expected energetic costs of osmoregulation to growth.

In contrast, though Mono Lake flies also show improved

developmental traits at the lowest (isoosmotic) salinity,

they appear independent of the deleterious effects of

increased salinity above this level, over the range 50-150

g/l. Indeed, development rates and adult size are enhanced

at the highest salinity (Figure V.3 and Table V.1).

However, this may be associated with high mortality in this

salinity and the culling of slow-developing early instars.

This will leave only the more vigorous, fast-developing

individuals at 150 g/l, while slow-developing larvae remain

in the less stressful salinities of 50 and 100 g/l,

producing apparently longer development times at these

intermediate salinities. Although mortality distributions

are the same in both populations (Figure V.1), survivors of

the culling at high slinity in the Abert population display

the slowed development expected to be produced by

osmoregulatory costs. The ability of the Mono larvae

surviving at 150 g/1 to develop without the inhibitions

observed in Abert larvae suggests that the higher salinity

of Mono Lake may have selected for greater salt tolerance,

producing osmotic adaptation allowing development at least

up to 150 g/l. Earlier studies comparing osmoregulatory

abilities of third instar larvae from Abert and Mono
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(Herbst,1981), have also shown Mono larvae to be more

effective regulators of hemolymph osmotic concentration at

elevated salinities.

The reduced survival of early instars at 150 g/1 in

both populations (Figure V.1) can be attributed to the

-physiological effects of osmotic stress since dead and

dying larvae appeared shriveled and desiccated. Mortality

at low salinity (10 g/l) however, probably results from

toxins and waste accumulation in stagnant culture water,

rather than osmotic problems. This is suggested because

moribund larvae at this isoosmotic salinity could be

revitalized for a time when culture medium was replaced.

Parker (1979) found that rearing of brine mosquito

larvae (Aedes dorsalis) at salinities from 5 to

nearly 30 g/1 resulted in reduced survival (especially in

the first instar). and delays in development in the higher

salinities. Rearing for successive generations at 25 g/1

and optimum temperature produced selection for increased

salt tolerance, evident in greater survival of fourth

generation larvae compared to the unselected first

generation. This supports the possibility that salt

tolerance may evolve in natural populations exposed to

increased salinity, but does not indicate the extent to

which this may occur or become attenuated. Increased

salinity or temperature also reduced adult size in A.

dorsalis (Parker,1982), with the result that female

mosquitoes developed fewer follicles and produced fewer

eggs. Similarly, daily egg production rates, and the
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success and timing of reproduction depend in part on body

size of E. hians (chapter VI).

The indifference of pupal development time to rearing

salinity (Figures V.1 and V.2), suggests that once formed,

the pupa is impermeable to the effects of dissolved ion

concentration and progresses through to adult

morphogenesis, or fails entirely. Emergence failure

increases markedly at smaller pupal sizes (Figure V.5).

This again suggests that size at maturity is a critical

trait in determining fitness. The importance of body size

as an indicator of viability has also been demonstrated in

the closely related brine fly E. cinerea. Small pupal

size in this species results from high larval densities in

nature (Collins,1980a), and increased competitive mortality

occurs among larval cohorts yielding small pupae

(Collins.1977). In addition, fecundity is reduced in

small-bodied adult E. cinerea (Collins.1980b). Pupal

size may thus be a useful indicator of larval survival and

development rates, and of adult reproductive potential, in

monitoring natural populations.

Development of early instar Mono larvae in Abert Lake

water (50 g/l) proceeds at a significantly more rapid rate,

and results in greater survival than in the same salinity

of Mono Lake water (Figure V.3). This suggests that the

ionic composition of Abert Lake water may be more favorable

to larval growth. Ion composition effects on the survival

of brine mosquito larvae (Aedes camRestris) have

shown marked sulfate ion toxicity compared to other ions
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(Bradley and Phillips,1977). The primary difference in

major ion content between Mono and Abert Lakes is a higher

proportion of sulfate in Mono water (chapter III),

indicating a similar inhibitory effect may influence the

development of Ephydra hians. Rearing Mono larvae in

Abert Lake water does not however significantly increase

any measure of size at maturity (if slow-developing larvae

in 50 g/1 Mono water are removed as outliers, no adult

weight differences exist - if not removed, the difference

in Table V.1 is barely significant at the .05 level). Even

if size at maturity is increased somewhat in these Mono

flies, the size of pupae and adults from Abert Lake remains

significantly larger under these same conditions. This

indicates that the differences observed in body size of the

natural populations are not simply due to differences in

environmental salinity, but also reflect heritable

differences between these stocks.

The inhibition of survival and development produced by

reductions in food supply (Figures V.4 and Table V.2)

suggests that the quantity of algae available in nature may

alter demographically important components of life history,

resulting in decreased population growth rates and

increased generation time. In addition, food quality also

seems to have an effect, because developmental rates

proceed more slowly on the diet that consists mostly of

Ctenocladus (Table V.2) than under comparable conditions

(50 g/l, Figure V.3) with the lab-cultured diatoms and

blue-green algae provided as food. The time required to
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complete larval development requires an average of 55.0

days on diatoms and blue-greens, whereas ad lib feeding on

Ctenocladus requires an average of 91.4 days - an extension

of 60-70%. However, the rearing temperature on the

Ctenocladus diet was 5°C cooler than on the

diatom/blue-green diet. The extent of slowing produced by

cooler temperatures, independent of food, may be inferred

from pupa development times at different temperatures

(chapter II). Mean durations of this stage are 9.1 at

25°C, and 12.4 days at 20°C, accounting for only

30-40% of the delay in development.

Collins (1980b) has hypothesized that the retention of

a life history trait under stress is a measure of the

importance of stability in that trait to overall fitness.

Collins found that development time of E. cinerea from

Great Salt Lake was greatly prolonged in food limited

larvae, without mature adult body size being reduced to the

same extent that food limitation produces in other

dipterans. Extension of development time in E. cinerea

may occur with low risk of larval mortality in the

predator-free brines of Great Salt Lake, but retaining some

minimum adult body size may be crucial to the autogenously

reproducing adults of this species. Limited food

availability also delays larval maturation in E. hians,

but not without a pronounced reduction in the size of the

few pupae forming. Even though the period of growth was

extended under physiological stress, the inability to

achieve optimal size at maturity suggests that changes in
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these life history traits may be an inevitable consequence

of bioenergetic constraint. If prolonged development is an

adaptive response permitting optimal size to be achieved

under slow growth, then it provides only limited

compensation. Body size is certainly important for E.

hians though, because below a critical size range,

emergence, survival, and reproduction are substantially

reduced.

Rapid development rate of another ephydrid, Scatella

picea, an inhabitant of small, temporary pools, has been

presented as evidence for evolved response to the brief

duration of the larval habitat (Connell and

Scheiring,1982). Developmental plasticity allowing slow

growth under stress in E. hians and E. cinerea may be

related to the relative permanence of the large lakes that

are the usual larval habitats of these species. Some

populations of E. hians do however occur in ephemeral

salt ponds (Herbst, pers.obs.). The predictions of this

evolutionary explanation of growth could be tested by

determining if larval development times under the stress of

desiccation or low food are not prolonged in E. hians,

and S. picea from temporary ponds.

Although Mono larvae exhibit greater relative

independence of the constraints of high salinity than Abert

larvae, indirect limitations may be imposed by

salinity-induced decreases in algal food availability.

Clones of Ctenocladus circinnatus isolated from both Mono

and Abert Lake show decreases in vegetative growth rates
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and final yield as culture salinity is increased,

especially above 100 g/1 TDS (chapter VII).

If direct effects of salinity on development depend on

osmoregulatory costs, then high hemolymph osmotic pressure

(lowering the gradient between internal and external

milieus) should confer greater resistance to the growth

limitations of increased salinity. E. cinerea larvae

possess a blood osmotic concentration approximately

three-fold higher than that of E. hians larvae

(Nemenz,1960; cf. Herbst,1981), and are tolerant of

salinities in excess of 200 g/1 TDS, having even been

reported in salt-saturated water. However, Cole &

Schlinger (1969,p.402) note in passing that E. cinerea

from San Francisco Bay salt marshes are on the average

larger than those from Great Salt Lake, and that "this may

be due to the weaker saline solution in the Oakland

marshes". Comparative studies of salinity effects on the

development and survivorship of E. cinerea larvae would

provide further test of the hypothesis that the cost of

osmoregulation is a limiting factor in the growth, life

history, distribution, and abundance of Ephydra species.
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mean development time for early instars (1st and 2nd
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Table V.I. Salinity effects on size at maturity of Ephydra hians.

Larval Rearing
Salinity (9/1)

Pupa Size
(mm width)

Adult Mass
(mg dry wt.)

% Lipid Content
of Adults

Abert Lake larvae

10 2.19 (.03) A 2.003 (.111) AB 21.0 (1.6) A
(211 (171 (17]

50 2.08 (.02) BC 1.861 (.085) A 22.5 (1.2) A
[341 C291 (29]

M50A 1.87 (.02) *** 1.203 (.064) *** 19.2 (1.4) ns
(431 [36] 1361

100 2.12 (.02) B 2.116 (.090) B 23.1 (1.3) A
381 (261 C261

150 2.04 (.03) C 1.474 (.138) C 9.6 (2.0) B

Mono Lake larvae

C161 C111 C11I

10 1.92 (.03) A 1.294 (.091) A 17.2 (2.0) AB
C191 C151 (15]

50 1.81 (.02) B 1.023 (.072) B 15.1 (1.6) A
[311 1241 (241

M50A 1.87 (.02) ns 1.203 (.064) * 19.2 (1.4) ns
[43] [36] C361

100 1.82 (.02) B 1.327 (.075) AC 21.9 (1.6) B

[30] [22] 1221

150 1.87 (.03) AB 1.550 (.088) C 19.1 (1.9) AB
[181 [16] [16]

For comparing salinity treatment effects within each variable
column (within populations), different letters indicate sig-
nificantly different means at the .05 level (Fisher's LSD test).
Comparison of M50A (Mono larvae reared in 50 9/1 Abert Lake
water) to Abert or Mono larvae in native lake water at 50 g/1 is

done by t-test ( *p<.05, ***p<.001, ns= not significant).
Lipid is expressed as percent of dry weight at emergence.
Each mean value is followed in parentheses by the standard error,
with the sample size listed below, in brackets.



Table V.2. Food availability effects on larval development and size
at maturity of Mono Lake E.hians (at 50 g/1 TDS).

Life Stage

Food Availability Level (initial n)

100% (38) 50% (37) 25% (31)

Instar 1 duration

Instar 2 duration

Instar 3 duration

All larval instars

(days)

(days)

(days)

(days)

8.2
(0.4,37)

14.7
(0.9,35)

68.0
(3.6,31)

91.4
(3.9,31)

11.5
(0.4,28)

34.8
(3.0,24)

95.5
(0.9,4)
130.3

(2.5,4)

19.0
(0.7,2)

Pupa Size (mm width)

Adult Size (mm length)

1.67
(.02,30)

4.55
(.07,21)

1.37
(.02,4)

3.60
(0.0,2)*

Values in parentheses below means are standard error and sample size.
The experiment at 50' food level was terminated at day 160 due to
slow growth of the remaining 11 larvae in culture. Duration of
instar 3 in this treatment is thus underestimated (mean age of 3rd
instars remaining = 110.3 days).
*One adult emerged, and one dissected from puparium in this treatment.



THE INFLUENCE OF FOOD AND BODY SIZE ON REPRODUCTION AND

LONGEVITY OF AN ALKALINE LAKE SHORE FLY EPHYDRA HIANS SAY

(DIPTERA:EPHYDRIDAE)

CHAPTER VI

INTRODUCTION

125

A premise of optimality models for physiological

systems (Calow,1973), and life histories (Gadgil &

Bossert,1970), is that the allocation of energy and

nutrients to egg production are made at the expense of

somatic growth and maintenance metabolism. In many

organisms, increases in reproductive effort are associated

with decreases in longevity, residual reproductive value,

and breeding frequency. Snell and King (1977) have shown

for example that short-lived clones of the rotifer

Asplanchna have early, high rates of reproduction, while

long-lived clones reproduce at low rates over an extended

reproductive lifespan. Early increases in fecundity reduced

future reproduction (as residual reproductive value) and

survival, indicating that the timing and intensity of

reproductive effort determines both overall fecundity and

life expectancy. In comparisons of semelparous and

iteroparous triclads, Calow & Woolhead (1977) found that

higher reproductive rates among the semelparous species

were associated with higher mortality rates, and

substantial reduction in body size due to resorption of
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tissues. Food deprivation produced a cessation of

reproduction in iteroparous species, allowing preservation

of body size and survival for future breeding. Conversely,

the semelparous species continued reproduction at the

sacrifice of their own bodies and survival.

Other studies have failed to show such clear

trade-offs between reproduction and growth or longevity.

Slansky (1980) found that oviposition of mated milkweed

bugs (Oncopeltus) does not shorten lifespan relative to

unmated virgins in which no oviposition occurred.

Exposures of the flour beetle Tribolium to different

rearing densities resulted in altered reproduction

schedules, but Boyer (1978) found no differences in

survivorship among treatments and no correlations of

fecundity with reduced survival within treatments.

Disparities in these and other results with the

predictions of life history models that assume a cost for

reproduction have been attributed to the failure of these

models to consider constraints on what life history

features are possible (Stearns,1977). These may include

design constraints on organisms such as reduced fecundity

at small body size, and trade-offs between egg size and

numbers. In addition, environmental factors such as food

availability and physical stress may alter the expression

of life history phenotypes. Comparisons of life history

variation should therefore incorporate differences in body

or egg size, and levels of food supply for the organisms

being contrasted. Experimental control of these factors in
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studies within a species may allow the definition of

conditions that permit or restrict reproductive costs to

survival.

The objective of the present study is to examine how

variable body size, and different levels of food quality

and availability affect reproduction and adult survival, in

intraspecific comparisons of individuals from two

populations of a shore fly, Ephydra hians (Ephydridae).

Limitations on reproduction associated with small body size

(e.g less volume for egg storage) are expected to impair

the relative reproductive performance and viability of

small-bodied adults. When food is limiting, increased

reproductive effort is expected to cause a reduction in

survival due to resource diversions from physiological

life-support systems.

The alkali fly exhibits great variation in body size

among populations from different habitats, and within

populations over different seasons (chapter IV, Figures

IV.4 and IV.5). In addition, this aquatic insect inhabits

environments in which the supply and quality of algal food

resources are variable. This experimental study thus

examines ecologically relevant constraints on adult life

history pattern, explores the conditions under which the

prediction of conflict between reproductive effort and

survival applies, and identifies the significance of these

factors in the demography of E. hians populations. Other

studies have shown that size at maturity is reduced when

larvae are exposed to increased salinity and/or limited
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food supply (chapter V). The present study extends the

significance of these changes in larval development to

adult life history.
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METHODS

Field Collections

The immature stages (eggs,larvae,pupae) of E. hians

develop in alkaline salt lakes and ponds of western North

America. Adults occur in dense aggregations along the

shores of these unusual aquatic habitats, where they feed

on algae growing on mudflats (primarily diatoms) or on

detritus washed onto the shore. Mating observed in the

field appears to be random, without precopulatory

behavioral displays. Adults have the ability to submerge,

enclosed in an air bubble or physical gill, and crawl about

on benthic substrates where further feeding and oviposition

usually occur.

Adults used in experiments were obtained from

field-collected pupae, subsequently reared out in the lab.

Pupae were collected during May through October of 1983 and

1984 at several locations from two population sources: Mono

Lake (California) and Abert Lake (Oregon)-described in

detail in chapter III. During transport back to the

Corvallis lab and prior to use in experiments, pupae were

held in screened jars on moist paper towels, in cold and

darkness. Pupae were usually used immediately to obtain

adults (within 72 hours of collection), or maintained under

these storage conditions for several days but no longer

than about 2 weeks prior to use in experiments.
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Laboratory Rearing

Jars of stored pupae were warmed to 25°C. and

emerging adults collected over a 20-24 hour period. so that

experimental flies would be of essentially the same age.

About 50 adults of mixed sexes were then grouped for 24

hours in screened half-pint jars containing filter paper

and cotton swabs moistened with water but without food.

This initial period of grouping (=day 0-1) provided an

opportunity for matings to occur. Experimental females

were subsequently paired with single males. Flies from the

two sources were always maintained separately and

inter-population crosses were not attempted. Following

grouping of the newly emerged flies, females were removed

by aspiration and anaesthetized briefly with carbon

dioxide. and then placed on a cold block where total body

length was measured to the nearest .05 mm using calipers.

Each female was then paired with a male chosen arbitrarily.

and placed into breeding chambers to initiate the

experimental period (aged ca. 1.5 days post-emergence at

this point. =day 1). Breeding chambers consisted of

20-dram translucent plastic snap-cap vials with the bottoms

cut off (38 mm inner diameter x 60 mm height). Holes were

punched (20 mm diameter) into the snap-on caps and

fiberglass screening was affixed over the holes by melting

edges into the plastic with a soldering iron. The open

bottom of vials fit snugly into another cap which held a

single replacable filter paper disc (2.3 cm diameter 3MM
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Whatman). These absorbent discs served as the base onto

which the different food substrates or water alone was

applied. For the duration of experiments, vials were

maintained in translucent humidifier boxes (containing a

moist sponge) in a controlled environment room at 25°C

on a 14:10 L:D (summer) photoperiod. Males were replaced

at death as long as females were still alive.

Experimental Design

Flies with a wide range of body sizes were chosen from

each population, paired, and exposed to different feeding

regimes. Experiments measured the timing of oviposition,

egg production rates, fecundity, and longevity of flies

given diets which included (1) water but no food

(starvation treatment), (2) different types (species) of

algal food, (3) different levels of food quality (measured

in terms of organic content), and (4) different levels of

food quantity (varied availability).

Algae were cultured in the lab in membrane-filtered

(0.45 micron pore size) lake water mixed from both lakes.

Total dissolved solids were adjusted to 50 g/1 and enriched

as follows: NaNO3 1.76 mM, Na2HPO4 0.28 mM,

sodium metasilicate 0.18 mM; trace elements chelated with

25 micromolar EDTA (in micromoles/1)- Fe 1.8, Mn 7.3, Zn

0.8, Cu 0.3, Mo 2.0, Co 0.2; vitamins (in micrograms /1)-

thiamine 250, biotin 5, cyanocobalamine 2.5. Two primary

types were cultured, both of which occur as benthic
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attached algae at both lakes. The filamentous green alga

Ctenocladus circinnatus was isolated as a clone from both

lakes and cultured for approximately 4-6 months prior to

use (this food treatment designated as C). This alga is

abundant at Abert Lake where it is normally attached to

submerged rocks, but may break loose and form floating

balls which are often cast upon shore, and so become easily

available as food to shore-dwelling flies. The other food

substrate type consisted of diatoms (primarily Nitzschia

frustulum and Amphora coffaeformis) and filamentous

blue-green algae (mainly Oscillatoria and Spirulina spp.)

which constitute a benthic algal mat that is particularly

well-developed on shallow, stable detrital sediments.

Mixtures of diatoms and blue-greens (referred to hereafter

as algal mat) were collected from both lakes and inoculated

into the above medium, onto sterilized lake sediments. Gut

contents of field-collected adults consisted primarily of

diatoms, so algal mat is regarded here as the principal

natural food source of these flies. Food quality and

quantity were manipulated using algal mat cultures. Two

levels of food quality consisted of unenriched algal mat,

having 25-30% organic content by dry weight (the remainder

being frustules and sterile inorganic sediment), and

enriched algal mat, having approximately 50% organic dry

weight (containing less inorganic sediment and added

cultures of diatoms and blue-greens grown without

sediments). These treatments are designated as A and AE,

respectively. Two levels of food quantity, or
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availability, were created by providing enriched algal mat

on a daily basis (treatment AED), in addition to the

standard alternate-day feedings used in all other food

treatments. The experimental feeding regimes then, in

order of improving nutritional value, were starvation,

Ctenocladus (C), unenriched algal mat (A), enriched algal

mat (AE), and enriched algal mat fed daily (AED).

The Ctenocladus or algal mat cultures were homogenized

in a blender for 30-60 seconds (without cell breakage).

centrifuged, and applied as a wet paste just covering the

surface of the filter paper discs in the breeding chambers.

Filter paper discs and food were replaced on alternate days

(or every day for the enriched algal mat diet fed daily -

AED) from the time of experiment initiation on day 1 (day

3,5,7..etc). Used food discs and container bottoms were

examined for egg deposition using a dissecting microscope

(10x). Those found were sorted into separate hatch

chambers (containing 50 g/1 Mono or Abert Lake water,

depending on the source of the fly) so that viability of

eggs for each oviposition interval could be determined for

each female. Deaths were also noted at these intervals,

males replaced if needed, and post-mortem dissections of

females performed to evaluate ovarian development and egg

retention. The times of death, and the initiation and

termination of the oviposition period were recorded as the

mid-point between consecutive feeding/egg-collection dates

on which these events occurred. These observations enabled

the reproduction schedules of individual females to be
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followed, and the lifespan partitioned into

prereproductive, reproductive, and postreproductive phases.

Only ovipositing flies were included in analysis of

reproduction data (even though some flies not depositing

eggs did possess eggs in the ovaries when dissected after

death). A limited number of isolated, unmated virgins were

also examined for egg-laying and ovarian development.

Eggs and Lipid Content in Flies from Field Populations

Field-collected adults were preserved, measured,

dissected, and number of eggs in the abdomen counted for

regression against body size so that lab data could be

compared to a field measure of fecundity. Spring samples

of adults were chosen for this regression because previous

seasonal studies (chapter III) had shown that this was the

period during which active egg development is occurring but

oviposition is not yet as active as it becomes in the

summer. Spring flies retain greater numbers of developing

eggs and thus provide a more accurate index of potential

fecundity. Potential relation between egg size and numbers

was assessed by measuring egg lengths (to .01 mm, with an

ocular micrometer) of field and lab-reared flies from both

populations, with differing body sizes and fecundities.

Lipid storage during larval development (a potential

contribution to vitellogenesis) was evaluated as a function

of body weight using flies emerging in the lab from

field-collected pupae. These flies had been killed in
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ethyl acetate vapors within 6 hours of eclosion, dried to

constant weight at 50 C, and stored in a desiccator.

Lipids were extracted into petroleum ether with a Soxhlet,

and the lipid content of newly-emerged flies expressed as a

percent of the original dry body weight.

Statistical Analysis

The broad size range of experimental flies used came

from pupae collected at different times of the year (late

spring to early autumn), and were pooled for the analysis

of population source and food treatment effects by one-way

ANOVA. This pooling assumes that no seasonal effects other

than body size variation will influence reproduction and

lifespan traits. Associations among these traits were

examined using correlation analysis. All analyses were

carried out using the Number Cruncher Statistical System

(copyright,J.Hintze) on an IBM-PC microcomputer.
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RESULTS

Starvation Effects

Flies from which food was witheld never oviposited.

-However, post-mortem dissections revealed limited numbers

of complete eggs and/or vitellogenic oocytes present in the

larger flies from these treatments. Longevity of starved

females was also significantly correlated with body size

(Figure VI.1). These starved, non-ovipositing females do

not have significantly different lifespans from those of

starved males (Table VI.1).

Male Longevity

Survival of males on different food treatments appears

to depend on the increased quality and quantity of algae

available. This is evident in the ordering of longevities,

AED> AE> A> C> starved, in the Mono population, and AE> A>

C> starved, in the Abert population (Table VI.1). Only

treatment AED in Abert flies did not follow this pattern.

Although male survival seems to be prolonged with improved

nutrition, males are always significantly shorter-lived

than reproductive females within the same food treatments

(p<.001-.01 for ANOVAs). Under circumstances where males

were maintained in isolation (or after female mate had

died), much less active feeding or fecal pellet remnants

were observed than for isolated female flies (where food
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was usually depleted in all but the daily feeding

treatments).

On the average, Abert males lived slightly longer than

Mono males within food treatment comparisons, although in

only one case was this significant (on A, p<.05). On AED,

Mono males were significantly longer-lived than Abert males

(p<.05). In the only treatment where male body size was

measured (AE), longevity was found to have a significant

positive correlation with size, for a pooled population

sample (r=.37, p<.05).

Female Longevity

Females that did not oviposit, but received the

various experimental food allocations, were consistently

shorter-lived than reproductive females given the same food

(all significant at p<.001, Table VI.1). In addition,

these females are smaller than reproductive females on the

same treatment (p<.001-.05 for all except Mono on A, or

Abert on C). Longevity of non-reproductive females feeding

on Ctenocladus is significantly correlated with body size

(r=.37, p<.05), but not on any other food source.

Mean lifespans of reproductive females vary over a

range from about 13-20 days among treatment groups (Table

VI.2 and Figure VI.2). Abert females lived slightly longer

than Mono females on all alternate-day feeding diets

(significant only on A though, p<.05). Prereproductive

lifespans of Abert females were also consistently longer



138

than those of Mono flies (p<.01 on C & A, p<.05 on AE). On

AEI), however, prereproductive periods were no different

between populations but reproductive lifespan was

significantly shorter for Abert flies, resulting in Mono

flies being longer-lived on this treatment (p<.10).

All diets produced a significant extension of lifespan

over that of the starved treatment females (p<.001, Table

VI.1). Lifespans also suggest a trend from shortest

duration on the poorer diets of Ctenocladus, or

unenriched algal mat (in the Mono population), to the algal

mat diets of increased quality and quantity. However,

comparison of food treatment effects on mean lifespan

duration within populations show no differences are

significant between food type, quality, or quantity except

for Mono flies on AED, where lifespan is significantly

longer than on any other food source (p<.10).

Despite the few significant differences in overall

lifespans between treatments, the duration of certain

phases of the lifespan showed significant treatment

effects. The length of time spent prior to, during, and

after reproduction are presented in the bar graphs of

Figure VI.2. Feeding on algal mat diets rather than

Ctenocladus significantly shortens prereproductive lifespan

in the Mono population (Table VI.2). Increase in quantity

of enriched algal mat (AED) was required to produce this

same significantly earlier age of oviposition in the Abert

population.

On any diet fed on alternate days, the youngest age at
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reproduction is achieved by flies of an intermediate

overall size. This is shown in the U-shaped distribution

of Figure VI.3, for pooled populations on unenriched algal

mat. This is attributable to delays in oviposition among

the smallest Mono flies, and the largest Abert flies.

The mean reproductive lifespan was consistently longer

for Mono than Abert flies, but significantly so only on AED

(p<.05). Within populations, the daily feeding on enriched

algal mat significantly lengthened reproductive life (Table

VI.2). Postreproductive lifespan was significantly

shortened by improved algal mat quality (AE or AED) in the

Mono population, and by further increase in quantity (AED)

for the Abert population. This postreproductive survival

is ordered as A> AE> AED for both populations on algal mat

diets (Table VI.2).

Fecundity and Stored Lipids of Field-Collected Flies

The relationship between the number of eggs contained

in the abdomens of flies collected in the field from both

lakes, shows a significant correlation with total body

length (Figure VI.4).

The relation of body weight to lipid content of

newly-emerged flies (Figure VI.5) shows a decrease in

percent lipid with decreasing size. The relationship is

not linear though, and the amount of lipid becomes markedly

diminished in the smallest Mono Lake flies. These larval

lipid stores may represent as much as 40-50% of the dry
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body weight for the largest flies examined. No difference

existed between males and females with regard to lipid

stores and body size.

Reproduction in Experimental Feeding Studies

Reproduction of flies from each population source on

different food treatments was examined in terms of total

fecundity, mean and maximum daily rates of egg production,

and the timing of oviposition. Any fly was considered

reproductive if it oviposited, even though some

non-ovipositing flies contained developing eggs (found in

post-mortem dissections). Each egg is valued alike as an

expression of reproductive effort, although variation in

egg viability was great. Egg size however, was virtually

constant in all flies examined, there being no significant

differences regardless of population source, maternal body

size, or fecundity (mean= 0.62 mm length, SD= 0.02, n= 160,

range= 0.56-0.68).

Mean values of reproductive and lifespan traits for

flies on each treatment are summarized in Table VI.2, along

with ANOVA comparisons between treatments. The proportion

of flies reproducing (ovipositing) on each diet increases

with improvement in type, quality, and quantity of food

provided (AED> AE> A> C, Figures VI.6a-VI.13a). In

addition, a higher proportion of females from the Mono

population reproduce under the poorer feeding conditions (C

or A) than occurs among the larger Abert flies. Mono flies
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also produce more eggs than Abert flies on the poor

nutrition diets (but this was significant only on

unenriched algal mat, p<.10). On improved diets (AE or

AED) fecundity was essentially the same in both populations

(Table VI.2).

The most pronounced effect of the experimental food

treatments were significant increases in the reproductive

output of females from both populations as diets were

improved. Fecundity, mean egg production rate, and maximum

egg production/day were all significantly increased over

the series AED> AE> A>= C (Table VI.2). In addition, .egg

production rates also differed between populations, with

Abert flies having higher rates than Mono flies on the high

quality and quantity treatments AE and AED (significant

only for mean daily egg production rate on AE, p<.10),

whereas Mono flies had the greater rates on the poorer C or

A diets (significant only for maximum egg output/day on A,

p<.10).

Oviposition by virgins from both populations was

examined only for females fed unenriched algal mat. Only 4

of 14 females isolated as virgins produced eggs (all from

the Mono population). While this sample size is

insufficient for comparative analysis, there was no

indication that any of the life history traits measured

differed markedly from those of the paired Mono flies on

unenriched algal mat. Indeed, the fact that many of the

females paired with males on this and other treatments

produced no viable eggs suggests that many paired flies may
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not have mated, that multiple matings may be necessary, or

that viability depends only partly on fertilization.

Timing of Reproduction

Oviposition schedules (Figures VI.6ab-VI.13ab) show

that on poor diets (C and A). most of the total egg

production occurs over a short time relatively early in

reproductive life. On nutritionally enriched diets (AK and

AED). egg laying is sustained over a longer period, at

higher rates. Within-treatment comparisons between

populations further show a greater portion of egg

production occurs at an earlier age for Mono relative to

Abert flies. For Mono Lake flies on treatment C or A.

approximately 50% of total egg production has occurred

after one week, while only 20% of the total has been

produced on AE or AED. On the same sets of treatments for

Abert flies. only about 20% and 10% of all eggs

respectively, are produced after one week. The difference

in proportion of eggs produced associated with diet is

attributable to an abbreviated reproductive period on poor

food sources. The population differences however are due

to an earlier onset of reproduction among Mono females

(Table VI.2 and Figure VI.2).

The late increase in reproductive activity displayed

in the oviposition schedules of flies fed Ctenocladus (both

populations, Figures VI.6ab and VI.10ab). or unenriched

algal mat ( Abert. Figure VI.11ab), is associated with
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females which delayed initiation of reproduction until late

in life. If measured from the onset of reproductive life

(rather than from emergence), oviposition of these older

individuals coincides with the early peak of reproduction

shown by other flies.

Some individuals appear capable of a repeated period

of high egg production when provided adequate nutrition.

On the improved diets (Mono on A, Fig.VI.7; both

populations on AE and AED, Fig.s V1.8,9.12,13) there are

early and late peaks in reproductive activity, contributed

by long-lived individuals. In contrast to the long-lived

flies on poor diets, which initiate reproduction at a later

age (noted above), these flies begin laying at an early

age, but produce the majority of their eggs significantly

later in life than other flies on these treatments.

Long-lived flies are defined here as 2 standard deviations

in excess of the mean lifespan for a treatment, or the

oldest female if none met this definition. Comparison to

the other females comprising each treatment showed that

long life was associated with a lag in egg production

either due to later initiation on poor diets, or the

deferral of most oviposition to advanced age when fed on

good diets.

Egg viability (Figures VI.6a-VI.13a) is low during the

early and late intervals of oviposition, and is greatest

during the middle period of peak egg production. These

figures also show that the percent of viable eggs produced

was reduced as food quality and quantity were improved.
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Correlations among Adult Life History Traits

Potential trade-offs among life history traits were

examined by correlation analysis within food treatments,

for populations separately and pooled. The analysis

specifically examined associations of fecundity and

oviposition rates (mean and maximum) with all lifespan

measures (total and partitioned) in Table VI.3. In

addition, lifespan phase durations were considered for

relation of prereproductive to following reproductive and

postreproductive periods, and of reproductive life to

following postreproductive survival.

Size-dependent effects on reproduction and lifespan

showed no correlation between body size and fecundity on

any treatment except for Mono flies on Ctenocladus (p<.05).

Moreover, egg production rates were unrelated to body size

on low quality diets (C or A), but did show a significant

correlation on improved quality diets (AE or AED, Figure

VI.14).

An increase in mean daily egg production rate is

associated with significant decreases in lifespan on

Ctenocladus and unenriched algal mat, and in reproductive

lifespan on enriched algal mat (Table VI.3). However, with

enriched algal mat provided daily, there is a significant

positive correlation of egg production rate with total

lifespan. Egg production rate also is negatively related

to postreproductive survival when individuals from all
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treatments are pooled (Figure VI.15). In addition, with

lengthening reproductive period at the highest food level

(AED), postreproductive life becomes shorter (negative

correlation significant at p<.05).
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DISCUSSION

The expectation that males and non-reproductive

females should outlive reproductive females because their

reproductive costs are minimal or absent was not

substantiated by the data (Table VI.1). Egg-producing

females live significantly longer on any treatments where

food was provided. This differential mortality may have

some relation to feeding differences between sexes because

males are as resistant to starvation as females (i.e.

survival not significantly different). Observations of the

feeding behavior of males do indicate less frequent feeding

by this sex, possibly accounting for both the shorter lives

of males on food treatments, and the disproportionate

representation of females over males in the field (usually

about a 4:1 ratio of females to males, Herbst, pers.obs.).

Non-reproductive females in most cases are significantly

smaller than reproductives and are found with greatest

frequency under the poorer nutritional conditions. Smaller

flies have lower proportions of stored lipid (Figure VI.5),

so it may be that non-reproductives are those smaller

females that die before ovarian development proceeds to the

point where oviposition can occur.

In studies of Ephydra cinerea from Great Salt Lake

(Utah), Collins (1980b) found that these brine flies were

able to produce eggs without algal food (water only), and

increased total fecundity only by about 30-50% if provided

with food. In contrast to these results, food is an
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essential requirement for oviposition in E. hians.

Collins attributed the evolution of autogenous egg

production in E. cinerea to low food availability for

adults in nature. Larval development of this brine fly may

be greatly prolonged under stressed conditions, suggesting

that achieving a critical adult size or sufficient storage

reserves, is crucial to reproductive success. Adult E.

hians however are capable of feeding on both onshore and

submerged sources of algal and detrital food substrates,

and are larger than E. cinerea . Despite the greater

proportion of lipid at emergence in larger flies (Figure

V1.5), large flies must still feed in order to reproduce

successfully. However, these stores may potentiate

reproductive development and promote resistance to

starvation, because lipid can be expected to serve both as

a respiratory energy source and/or as a resource for egg

development. This is evident in the significant positive

correlation of survival with body size when adults are

deprived of food (Figure VI.1), the absence of lifespan

differences between sexes under these same conditions

(Table VI.1), and the presence of developing eggs in the

larger starved females. These results all correspond to

the expected effect of lipid content that increases with

size, but is the same between sexes.

The only significant correlation of lifespan with size

on a feeding treatment occurs in both reproductive and

non-reproductive Mono flies on Ctenocladus. Because this

is the poorest food source, these conditions may be little
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different than starvation and thus lipid stores may make a

relatively important contribution to longevity here. In

addition, this is the only treatment where total fecundity

and size are significantly correlated. On unenriched algal

mat however, Mono flies show a significant negative

correlation of size with longevity (p<.001) in association

with significantly shorter prereproductive periods (p<.001)

and higher egg production rates (p<.10) with increasing

size. Thus the shortened survival of large flies on this

diet treatment may be caused by their earlier and higher

rates of egg production. Apparently, this diet is a

substantial improvement over Ctenocladus for Mono Lake

flies in terms of reproduction, but this carries a cost to

survival.

Another influence lipid stores may be expected to

have, especially when food is limiting (as on alternate-day

feedings), is to permit an earlier age at first

reproduction. Such a negative correlation between

prereproductive lifespan (= age at onset of reproduction)

and size does occur in all alternate-day feeding

experiments with Mono Lake flies (significant on treatment

A, p<.001). However, the correlation is positive for Abert

Lake flies on the same treatments (significant on AE,

p<.05). This indicates that flies of overall intermediate

size begin oviposition earlier than flies of either a

smaller or larger size (Figure VI.3). At the small end of

the range, flies are probably limited because of poor lipid

storage, while greater quantitative nutritional
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requirements of the largest Abert flies may delay

reproduction until sufficient resource has been

accumulated. Food limitation of Abert flies is

demonstrated by the significant shortening of the

prereproductive period, and increase in fecundity, when fed

enriched algal mat on a daily basis (relative to the other

low availability diets, Table VI.2).

Fecundity, measured as numbers of eggs contained in

dissected abdomens of field-collected flies, shows the

expected dependence on body size (Figure VI.4). However,

this measure more accurately reflects potential egg storage

capacity of individuals over a shorter time span than total

lifetime fecundity. The lab studies showed that, with the

exception of Mono on Ctenocladus, fecundity is not

correlated with body size on any experimental treatment.

Mean and maximum egg production rates are however

correlated with body size but only when nutritional

conditions were sufficient to permit this (on AE and AED -

Figure VI.14). Field and lab measures of egg production

allometry with body size are therefore in agreement. If

egg production rates on AE or AED are lower among small

flies, yet fecundity may be as great as in larger flies,

small flies must produce eggs over a longer period of time.

This was found in a negative relation between size and

reproductive lifespan on AE and AED (although the

correlation is not significant) and in the observation that

Mono flies have longer mean reproductive lifespans than

Abert flies. Large body-sized E. cinerea examined by
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Collins (1980b) showed lower fecundities, egg production'

rates, and longevities relative to moderate-sized flies in

which these traits were maximized. Collins suggested that

large flies may suffer from physiological or structural

defects, but the food dependence of reproduction seen in

large E. hians suggests that these larger E. cinerea

may also have been food-limited.

Fertility of eggs appears to be inversely related to

the rate at which eggs are produced because the percentage

hatching decreases and daily oviposition rates increase in

both populations as algal diet improves. This suggests

that mate/sperm access from the single male with which a

female is paired at any time, is limiting to viability. In

nature there is certainly opportunity for multiple matings

because flies congregate in high densities along

shorelines, and no instances of precopulatory, or male

rejection behaviors have been observed.

Variation in type, quality, and quantity of algal food

have a substantial effect on the reproductive traits of the

alkali fly. Improving diet increases the proportion of

flies becoming reproductive, the fecundity and oviposition

rates of these flies, and permits an extended period of

reproduction, often as distinct early and late phases of

egg production. In addition, under poorer nutritional

conditions, smaller flies from Mono Lake perform better in

terms of reproduction than larger flies from Abert Lake.

With higher quality and quantity of food however, this

contrast is reversed (see Table VI.2).
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If reproduction exacts a cost on survival, then

nutritional and size induced constraints on reproductive

traits should have important consequences for lifespan.

Evidence for reproductive cost was not seen however in a

simple tradeoff between fecundity and longevity, which

actually show a positive correlation on virtually all

treatments. This is primarily due to the fact that the

more prolonged the reproductive lifespan of a fly, the

greater is the overall fecundity. However, if reproductive

effort is expressed as mean daily egg production rates over

the reproductive lifespan, rather than lifetime fecundity,

some significant costs become apparent. (1) An increase in

egg production rate under low quality or limited

availability feeding conditions (C.A.AE) appears to carry

the cost of shortening lifespan, due mainly to abbreviated

reproductive life (negative correlations in Table VI.3).

However, given ad lib high quality/quantity diet (AED), an

increased egg production rate is associated with a

lengthened lifespan (resulting from a combination of longer

prereproductive and reproductive periods), suggesting that

when food is adequate, increased reproductive effort may

occur without detracting from survival while flies are

reproducing. (2) Under these same conditions (AED) there

is a negative influence of lengthening reproductive

lifespan on postreproductive survival. Indeed, such a cost

is suggested also by the significant reductions in

postreproductive life that accompany increased reproductive

output when quality of algal mat diet is improved for Mono
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Lake flies, or when quantity of this food source is raised

to daily renewal for Abert flies (Table VI.2). The

negative impact of reproductive effort (egg production

rate) on postreproductive survival is also evident when

these factors are plotted for individuals pooled from all

treatments (Figure VI.15). (3) Delays in the onset and

extent of reproduction associated with the longest-lived

individuals on various treatments also provides evidence

that timing of reproduction may defer costs and prolong

lifespan.

Using the brine shrimp Artemis, Browne (1982) found

that nutritional resources play a critical role in

determining whether reproduction affects female lifespan.

At low food supply level, a negative correlation occurred

between egg production rate and lifespan, while the

correlation was positive at high level of food supply. The

results of the present research corroborate these findings

and suggest that the paradigm of reproduction having a

negative influence on survival is conditional upon food

resources being limiting. In addition, the design

constraints imposed by varied adult body size affect life

history traits in opposite ways, depending on the

availability and quality of food resources in nature.

Under poor nutritional conditions smaller body size may

provide a reproductive advantage, but with adequate

nutrition, large body size permits greater reproductive

rates.
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Figure VI.12. Oviposition schedules of Abert Lake E.hians

fed enriched algal mat (diet treatment AE). All features of
figure are as described in Figure VI.6.
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Table VI.1. Longevity of adult Zohydra hians, on different diets.

Diet
Treatment
Group Population

< Lifespan (in days) >

Males

Non-
Reproducing

Females
Reproducing

females

Starvation M

A

6.4 (0.4)
(39]

6.6 (0.5)
[24]

7.2 (0.4)
[38]

7.5 (0.6)
[26]

C M 8.9 (0.5) 7.4 (0.5) 13.9 (0.9)
[68] [33] [37]

A 9.3 (0.5) 6.8 (0.5) 14.3 (1.3)
[50] [47] [16]

A M 10.3 (0.5) 6.3 (0.4) 13.4 (0.9)
[75] [23] [55]

A 11.9 (0.7) 8.9 (0.9) 17.1 (1.8)
[48] [25] [22]

AE M 11.1 (1.0) 4.3 (0.7) 15.5 (1.4)
[20] [5] [14]

A 12.4 (0.8) 6.6 (-) 16.5 (0.6)
[24] [11 [23]

AED M 12.1 (0.9) 3.6 (-) 19.4 (1.2)
[81 [1] 173

A 9.4 (0.7) 5.3 (-) 15.6 (1.2)
[13] [1] [12]

Numbers in parentheses next to means are standard errors. Sample
size is listed below, in brackets. Longevity is measured in days
from emergence until death.
Algal diet treatment group codes: C = Ctenocladus, A = unenriched
algal mat, AE = enriched algal mat, AED = enriched algal mat fed
daily. Population codes: M = Mono Lake, A = Abert Lake.
See text for discussion of statistical differences within columns
and rows.
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Table VI.2. Diet treatment
traits of adult

means and ANOVA for reproductive
Ephydra hians from Mono

and lifespan
and Abert Lakes.

Mono Population Abert Population

Trait C A AE AED p C A AE AED p

Lifespan 13.9 13.4 15.5 19.4 * 14.3 17.1 16.5 15.6 ns

Fecundity 53.2 78.6 230.7 604.6 *** 34.0 44.3 209.7 590.7 ***

Pre-RL 5.9 4.8 6.6* 4.6 ** 8.4 8.4 7.9 5.2 **

RL 6.0 7.1 8.3 12,7 *** 4.8 7.0 7.3 9.3 *

Post-RL 2.4 1.9 0.9 0.9 ** 1.3 1.9 1.7 0.9 *

Mean eggs/d 11.9 11.3 26.6 44.4 *** 7.6 8.4 32.6 57.0 ***

Max. eggs/d 28.8 33.0 84.2 89.7 *** 21.4 23.0 103.9 133.3 ***

N= 37 55 14 7 16 22 23 12

Means with separate underlines are significantly different at the
specified ANOVA p-value (* p(.10, ** p(.05, *** 13(.01). Those means
connected by underlines are not significantly different.
Algal diet treatment codes: C = Ctenocladus, A = unenriched algal mat,
AE = enriched algal mat, AED = enriched algal mat fed daily.
Trait RL refers to reproductive lifespan.

*The apparently longer prereproductive lifespan on enriched algal mat
is due to the fact that only unenriched 20% organic AFDW algal mat was
available to 7 of the 14 flies on this diet at the first two feedings
(days 1 & 3). For the other 7 flies, pre-RL is not significantly
different from the other algal mat diets.
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Table VI.3. Correlation coefficients for fecundity and egg production
rate with adult lifespan phases in Ephydra hians fed
different algal diets.

Algal Diet Treatment Groups (n)

C (53) A (77) AE (37) AED (19)
FECUNDITY

with:

Total .387 .552 .824 .860
Lifespan *** **** **** ****

Prereproductive -.223 -.145 -.212 .405
Lifespan ns ns

Reproductive .685 .777 .909 .722
Lifespan **** **** **** ****

Pos-treproductive -.162 -.055 .049 -.221
Lifespan ns ns ns ns

EGG PRODUCTION
RATE with:

Total -.307 -.223 -.121 .505
Lifespan ** ** ns **

Prereproductive -.122 -.254 .462 .710
Lifespan ns ** *** ****

Reproductive -.295 -.101 -.367 .229
Lifespan ** ns ** ns

Postreproductive .053 -.075 .083 .031
Lifespan ns ns ns ns

Mono and Abert Lake populations pooled for diet treatment
groups. Codes: C = Ctenocladus, A = unenriched algal mat, AE =
enriched algal mat, AED = enriched algal mat fed daily.
Fecundity is lifetime total, egg production rate is mean
eggs/day of reproductive lifespan.
Statistical significance of corr. coeff. for untransformed data:

* p<.10, ** p(.05, *** p(.01, **** p<.001



GROWTH OF THE FILAMENTOUS GREEN ALGA CTENOCLADUS

CIRCINNATUS BORZI (CHLOROPHYCEAE) IN RELATION TO

ENVIRONMENTAL SALINITY

CHAPTER VII

INTRODUCTION

171

The filamentous green alga Ctenocladus circinnatus

lives in saline inland waters and coastal brine pools,

recorded primarily in western North America and Asia (Blinn

& Stein,1970). Vegetative cell growth occurs in the form

of branching filaments which produce thick-walled resting

stage akinetes terminally, often in chain-like rows

characteristic of this species. Although the dimensions of

vegetative cells have been found to vary between different

locations, this is not a reliable taxonomic trait since

cell morphology changes may be environmentally induced.

The genus is thus considered monotypic. Asexual

reproduction occurs by the release of motile zoospores

under favorable conditions, which settle on the substrate

and form new filaments. Formation of the dormant akinetes

is induced by unfavorable conditions. Akinetes are

resistant to damage from salt-saturated brines,

desiccation, and freezing. Germination of akinetes occurs

upon rehydration, at moderate temperatures. Although

isogamous sexual reproduction has been described

(Smith,1950), Blinn (1971) concluded that asexual akinete
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formation was the most important life cycle feature for the

persistance of Ctenocladus at several ephemeral ponds in

British Columbia, since he observed no sexual reproduction

or gametangia formation during any season. Ctenocladus

usually exhibits an attached epilithic growth habit, but

germination of free-floating akinetes, zoospores, or

detached vegetative cells often leads to radial growth of

filaments that eventually form floating "balls". These

wash ashore and are commonly observed along the margins of

salt lakes and ponds.

Previous experimental studies of environmental factors

influencing Ctenocladus have either employed only akinete

germination as a bioassay (Blinn,1971), or used solutions

of NaCl rather than natural source waters to examine growth

(Ruinen.1933). Blinn (1971) showed that akinete

germination occurred with greatest success over a range

from ca. 40-1700 mOsM (milliosmolar) and was almost

completely prohibited above 2500 mOsM. Furthermore,

formation of zoosporangia was not observed above 1400 mOsM,

with asexual reproduction shifting to akinete formation at

1600-1800 mOsM. These studies were conducted with algae

and experimental solutions originating from annually

ephemeral pond waters with a relatively unusual water

chemistry, containing mainly Na -MgSO4 salts at alkaline

pH. Although these are natural waters, they represent a

limited chemical class in the varied spectrum of inland

saline habitats. Ruinen (1933) reported active growth of

Ctenocladus (as Lochmioisis sibirica) up to a



173

concentration of 1.5 M NaCl. This is probably not a marine

alga however, so the use of NaCl or even sea water may not

provide an accurate assessment of growth potential. The

present study extends these earlier investigations by

constructing vegetative growth curves for different clones

of Ctenocladus in varied salinities of natural waters from

permanent alkaline lakes.

Collection and seasonal observations of Ctenocladus at

Abert Lake (Oregon) and Mono Lake (California) showed that

substantial differences in abundance of the alga existed

between these lakes (chapter III). Thick mats of

grass-green Ctenocladus are attached to rock surfaces, and

literally cover the littoral lake bottom at Abert Lake. At

Mono Lake, only sparse tufts could be located, often in

shaded and protected crevices of calcareous tufa. Mono

Lake is presently more saline than Abert Lake (summer 1983,

ML=82.6 g/l, AL=25.1 g/l), and both are highly alkaline

(pH=10). sodium-chlorocarbonate type lakes. Collections of

Ctenocladus taken off hard substrates at Mono Lake by Blinn

(pers. comm.) when the lake was at a lower salinity (circa

1968, salinity ca. 70-75 01), indicate the alga was more

obvious then than at present. These observations suggested

the hypothesis that Ctenocladus productivity is reduced by

increasing environmental salinity. The objective of the

research reported here is to test this hypothesis by

comparing algal growth responses to a range of salinities,

using clones derived from these two lakes.
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METHODS

Algae Collection and Cloning

Tufts of Ctenocladus were collected off rock

substrates at both Abert and Mono Lakes in spring of 1983.

Clones were isolated as single filaments using sterile

forceps to pull a freed strand repeatedly over a sterile

1.5% agar surface to remove adhering algae. Single

filaments cleaned of such contaminants were cut-out of the

agar in small blocks, and dropped into filtered lake water

(0.45 micron pore size membrane filters) from the source

lake to establish a series of stock clones from each lake.

Cultures derived from a single clone from each lake were

used in all experiments, and these were maintained in the

filtered source water adjusted to a specific gravity of

1.030 (ca. 40 g/l). Separate subcultures of these clones

were also transferred into lake waters adjusted to a

specific gravity of 1.050 (ca. 65 g/l) and acclimated at

this higher salinity for 35 days prior to inoculation into

experimental salinity treatments.

Culture Media

Stock culture solutions were enriched with Alga-Gro

nutrients (Carolina Biological Supply), and experimental

culture solutions were enriched with nutrients, trace
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elements, and vitamins as indicated in Table VII.1.

Major-ion chemical composition of lake waters are compared

in Figure VII.1. Salinities of 25, 50, 75, 100, and 150

g/1 of Abert Lake water (ALW) and Mono Lake water (MLW)

were prepared by evaporation under vacuum at low

temperature (30-40 C) in a rotary evaporator, or by

dilution with distilled water. Final salinity was adjusted

to a calibrated specific gravity corresponding to each TDS

level for each lake (chapter III, Figure 111.7). All

culture media were filtered to remove any contaminating

algae (using membrane filters as above), and enriched from

sterile stock solutions prior to partitioning into culture

flasks.

Experimental Inoculations

Following growth and subculturing of the clones so

that a sufficient amount of algae was available to begin

experiments, tufts of filaments were removed and disrupted

to a more uniform suspension for inoculation into the

various culture salinities. Clumps of algae were placed in

filtered lake water with a specific gravity of 1.050 and

homogenized by repeatedly being puled into and ejected

from a sterile 10 ml disposable syringe. This well-mixed

suspension of intact filaments and akinetes was then

immediately inoculated as 1.0 ml aliquots (using sterile

1.0 ml syringes) into 50 ml of culture medium in each 125

ml Erlenmeyer flask. Triplicates of each culture salinity
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for each of 5-6 harvest dates were prepared and inoculated

in this fashion at random. Inoculum samples were saved

throughout this procedure and found to remain uniform.

Treatment flasks were stoppered with sterile cotton and

dust caps, and placed at random over a white background

sheet beneath a bank of 40W cool-white flourescent tubes.

The light field varied from 3000-4500 lux at table-top.

Flasks were periodically rearranged to ensure that light

availability was uniform (although all illumination levels

were probably saturating). Cultures were maintained on a

14:10 L:D photoperiodic cycle, in a constant temperature

room at 14°C.

Culture Harvesting

Growth yields of Ctenocladus were determined over a 6

month period. Each harvest consisted of vacuum filtering

the contents of each flask through a pre-tared 0.45 micron

Whatman membrane filter, rinsing with 150 mM ammonium

formate (isotonic rinse; volatalizes completely), and

recording the net weight after drying 48-72 hours at

55°C and storing in a desiccator. Small subsamples of

algae were taken from each flask prior to its

filtration-harvest, to assess the relative frequency of

vegetative cells and akinetes. Subsamples were homogenized

and examined microscopically, and about 500 total cells

counted in arbitrary fields of view, noting cell type and

general morphological condition of the algae.
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Chlorophyll and Water Content

At the final harvest, an adequate quantity of algae

was available over the salinity range 25-100 g/1 to

determine water content, and chlorophyll to mass ratios.

Rinsed algal filters were held on vacuum until they

appeared free of excess water, and then gently blotted on

absorbant tissue paper to remove adhering water. Total

water remaining in algal cells is taken as the difference

between the immediately weighed fresh filters, and the

dried filters (corrected for wet weight of filter disk).

Whole filters (dry) were extracted in 10 ml volumes of

alkaline (MgCO3 added) 90% acetone in a ground-glass

homogenizer, stored 24 hours at 4°C in darkness,

centrifuged, and optical density of the supernatant read at

750 (turbidity correction) and 663 nm.
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RESULTS

Effect of Salinity on Growth

Increasing salinity of lake source culture water

gradually-reduces the vegetative growth of Ctenocladus

clones from both Mono and Abert Lake (Figures VII.2 and

VII.3). Growth occurred up to 100 g/l, comparable to the

results of Ruinin (1933), and was virtually completely

inhibited at 150 g/l. Algal growth characteristics are

summarized in Table VII.2. Exponential growth rates

(occurring only over the first 20-30 days, calculated from

log base 2 plots) decrease over the range 25-100 g/l, with

algal cell mass doubling times increasing from about 1 week

to over 2 weeks. Maximum yield is also decreased with

increasing salinity, with the exception of the Abert clone

at 25 g/l. At this low salinity, despite initially high

growth rates, the growth period of this clone is

abbreviated, and the algae becomes increasingly chlorotic

over the constant growth period. Yield is only equivalent

to that found at 100 g/1 - the highest salinity at which

growth occurred. To examine if this chlorosis is

associated with nutrient limitation in the Abert clone at

25 g/l, the final set of three replicate growth flasks for

this treatment were re-enriched either with NO
3

(to

1.76 mM), PO4 (to 0.28 mM), or both (including trace

elements and mixed vitamins)- for complete enrichment.

Nitrate and complete enrichment resulted in substantial
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increases in chlorophyll, while phosphate had no effect

(Table VII.2).

Presence of apparent low growth rates in clones at 150

g/1 is attributable to contamination of culture medium by a

very small, unicellular green alga. Traces were present in

all cultures (possibly entering during the filtration

process), but only became obvious at the highest salinity,

either because it does not effectively compete with

Ctenocladus for nutrients at lower salinity, or it actually

grows better in the higher salinity medium.

Prior acclimation of algae at a salinity higher (65

g/l) than that in stock cultures (40 g/l) produced no

significant differences in growth rates (Table VII.3).

Comparisons of linear regression coefficients showed no

effect of acclimation on growth at either 50 or 100 g/1 in

both clones. Furthermore, no growth occurred in acclimated

algae inoculated into 150 g/l. Differences in growth

between population sources do however suggest that genetic

variation for growth response to salinity exist. The Mono

clone shows consistently more vigorous growth than the

Abert clone at comparable salinities of native lake waters

(Table VII.2).

Chlorophyll Content

Both absolute and relative amounts of chlorphyll

increase in clones of either population as the culture

medium salinity increases from 25 to 100 g/1 (Table VII.2).
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Observations of cell form suggests that chlorophyll

accumulates in small, slow-growing cells at higher

salinity, and is diminished in elongate, fast-growing cells

at dilute salinity. As N is tied up in growth, less is

available for chlorophyll synthesis. For the Abert clone

at 25 g/1 however, less chlorophyll is being formed

compared to 50 g/l, despite the fact that growth rates are

higher, and yield greater at 50 g/1 (Figure VII.2 and Table

VII.2). Nutrient enrichment is equivalent for all

salinities initially, and far in excess of prior levels of

dissolved nitrogen in lake waters, so it would appear that

uptake or use of nitrate by this clone is inhibited at this

low salinity.

Cell Form and Water Content

Changing proportions of akinetes to vegetative cells

over time, at different culture salinities are shown in

Figure VII.4. Zoosporangia were infrequently observed and

so are not included in cell type counts. Experimental

cultures consisted almost entirely of vegetative cell

filaments during the early stages of growth, except at 150

g/l, where the proportion of akinetes remained virtually

the same as in the inoculum. This indicates that virtually

all akinetes from the inoculum (acclimated or unacclimated)

germinated at 25-100 g/l, while those at 150 remained

dormant (consistent with the results of Blinn,1971).

Vegetative cells at 150 g/1 were swollen, empty (no
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chloroplast visible), and apparently dead. As reported by

Blinn & Stein (1970), I also observed the length of

filament cells to decrease with increasing salinity. As

growth rates decline with age in culture, akinetes begin to

form. This process also appears to be accelerated by

increasing salinity. Higher proportions of akinetes

forming in the Abert clone (terminating filament growth)

may account for lower growth rates and yields relative to

the Mono clone. In lower salinity cultures (25 and 50 g/l)

of the Mono clone, some Ctenocladus occurs as an unusual

cell type: though not having the heavy walls of akinetes,

these cells were 'similar in shape (spherical) and size

(slightly smaller), with dense dark-green contents

(possibly ungerminated zoospores or incipient akinetes).

Due to difficulty in distinguishing these cell differences,

proportions are not reported for these treatments beyond

the time this other cell form appeared.

Water accounts for 85-90% of the wet weight of

Ctenocladus (Table VII.2). Over the salinity range 25-100

g/l, water content is unchanged in the Mono clone

(ca.88-89%), but decreases from 90% at 25 g/1 to about 85%

at each of the higher salinities in the Abert clone. This

may be a reflection of relative proportions of cell types

though, rather than salinity effects per se, because the

Abert clone consists entirely of vegetative cells at 25

g /l, and 14-30% akinetes at 50-100 g/1 (Figure VII.4). The

thick-walled, dense cell contents of akinetes probably

contain less water than the large, vacuolated spaces of
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vegetative cells.
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DISCUSSION

The demonstration that growth of Ctenocladus

circinnatus is inhibited by increasing salinity is in

accordance with the hypothesis that abundance of this alga

in nature is restricted by high salinity (Figures VII.2 and

VII.3). Growth rates of clones from Mono Lake and Abert

Lake decline progressively from 25 g/1 to 100 g/l, and

cease completely at 150 g/l. The threshold limitation for

akinete germination and growth of Ctenocladus thus lies

between 100 and 150 g/l. Although low salinity limits were

not examined, yield and chlorophyll content are reduced at

25 g/1 in the Abert Lake clone, apparently as a result of

impaired nitrogen acquisition ability. Response to further

reductions below this salinity should be studied to

ascertain relationships among ion concentration, nutrient

uptake, and growth requirements. It is anomalous that the

Abert clone in culture at 25 g/1 is chlorotic, while algae

in Abert Lake at the same salinity are healthy and green.

It may be that dissolved nitrogen levels in nature are

sufficient and regenerated, and that constant cropping by

grazing and mechanical action allows growth to continue and

prevents senescence (also suggested by low phaeophytin

content of epilithic extracts, chapter III, and appendix

3).

Although abundance of Ctenocladus may have been

reduced by the increasingly saline waters of Mono Lake, the

overall superior growth of the clone isolated from this
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lake relative to that from Abert suggests the possibility

that selection for improved growth has accompanied

increasing salt concentrations in this lake. However,

there is no evidence that salt tolerance has been increased

since both clones fail to grow at 150 g/l, with or without

acclimation to increased salinity.

The use of single clones to contrast populations

limits the generality of these findings. Measurement of

genetic variation for growth among additional clones from

Abert, Mono, and other habitats, may reveal whether the

inter-clonal differences observed in this study represent

ecotypic variation related to native water chemistry.

Moreover, genetic differences in growth physiology should

be assessed using a standard culture medium, in addition to

the comparisons in the same salinities of different habitat

waters.

Wetzel (1964) conducted quantitative studies of

benthic and planktonic primary productivity in Borax Lake,

California, and showed that benthic periphyton, consisting

almost entirely of Ctenocladus, constituted approximately

70% of the annual total. The salinity of this highly

productive, shallow alkaline lake was then 30-60 g/1

optimal conditions for Ctenocladus growth as determined in

the present study.

In algal flora surveys of the saline lakes of

Saskatchewan, Hammer et al. (1983) found Ctenocladus in

lakes over a broad range of salinities, from 20 to 200 g/l.

However, most of the highly saline lakes sampled showed
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wide seasonal and annual variations in TDS. Because

Ctenocladus may persist at high salinity as akinetes,

presence in lakes of fluctuating salinity may indicate only

that active vegetative growth occurs during the season of

low salinity, and akinetes form when salt concentration

becomes prohibitive to growth. Blinn (1971) reports just

such a phenology in annually ephemeral ponds of British

Columbia, and further notes the disappearance of

Ctenocladus from Little Manitou Lake over a period of years

when salinity increased from about 100 to over 200 g/1.

With regard to salt tolerance, salinity-growth responses of

algal clones from these ionically varied Canadian lakes

would be an interesting comparison to the present results.

Environmental factors other than salinity have been

reported to affect Ctenocladus. Akinete germination was

found to be optimal under alkaline conditions, at

temperatures of about 10-30°C, and moderate light

intensity (Blinn,1971). Blinn (1970) also found that Na/Mg

ratios of less than 1.3 completely suppressed germination,

and with increasing proportion of sodium, vegetative

filament cells became longer, and zoosporangia formed.

Furthermore, other monovalent cations could not replace

sodium in allowing these critical developmental processes.

Although these results demonstrate dependence of growth on

sodium, anion proportions should also be examined as

potential influences since natural waters vary considerably

in levels of chloride, sulfate, carbonates, and borate. In

addition to these chemical factors, physical factors should
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also be considered in future studies. Algae were grown

here in a motionless culture medium for example, unlike the

wave-swept rocky shores of natural habitats. Culture

agitation and varied attachment substrates would be simple,

realistic modifications of the experimental regime.

The finding that the percent water content of

Ctenocladus remains constant over the salinity range 25-100

g/1 indicates that water balance is maintained in this

alga. Other halophilic chlorophycean algae (such as

Dunaliella) accumulate organic solutes such as glycerol

to replace water lost to increasing salinity

(Hellebust,1976). Blinn and Stein (1970) cultured

Ctenocladus at different osmotic concentrations and found

that filament cells became shorter and wider as

concentration increased. Assuming a cylindrical

cross-section for these cells, converting mean length and

width data (from Blinn and Stein,1970) to surface to volume

ratios, show that the ratio decreases as osmotic

concentration increases (Figure VII.5). This may represent

a possible adaptive growth response to salinity stress by a

passive mechanism that would minimize the osmotic loss of

intracellular water through a change in morphology.

Benthic algae of saline lakes constitute an important

food resource to brine flies (Ephydridae), often the most

abundant benthic invertebrates in these ecosystems

(Collins,1980a). The alkali fly Ephydra hians dominates

the benthos of both Abert and Mono Lakes, and at least at

Abert, commonly consumes Ctenocladus (chapter IV).
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Development and reproduction of this insect have also been

shown to be limited by decreasing quantity or quality of

algal food available (chapters V and VI). The results of

the present study thus imply that increased salinity may

limit E. hians growth and productivity both through

direct physiological stress, and indirectly by reducing the

availability of algal food resources. Conversely, grazing

by fly larvae on Ctenocladus at Mono Lake may be

responsible in part for the low standing crop observed at

this lake. This alternative explanation for differences in

abundance of Ctenocladus in nature should be investigated

through manipulations of larval density in the field, or in

exclosures.
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Figure VII.4. Percent of cells that are dormant akinetes
(relative to vegetative filament cells) during the growth of
Ctenocladus clones from Abert Lake (A) and Mono Lake (8) at
different salinities. Symbols are the same as in Figures
VII.2 and VII.3.
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Table VII.1. Culture medium enrichments.

Primary
nutrients (mM)

Culture Medium Concentrations

NaNO3 Na2HPO4
1.76 0.28

Trace elements Fe Mn Zn Cu Mo Co EDTA
(uM, chelated 1.8 7.3 0.8 0.3 2.0 0.2 25.0

2:1 with EDTA)

Vitamins Thiamine Biotin Cyanocobalamine
(ugh].) 250 5 2.5
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Table V11.2. Growth characteristics,chlorophyll and water content
of Ctenocladus clones at different salinities.

Clone
Source

Salinity
(g/1 TDS)

Doubling
Time *

Maximum
Yield

(mg dry wt)

Chlorophyll
Content [SE]

(ug Chl.a/mg dry wt)

%Water
Content
(SE]

MONO 25 0.141 244.2 0.46 1.051 88.7 [0.5]
LAKE

50 0.136 220.5 0.55 1.031 89.1 (0.5]

75 0.117 147.4 1.33 (.221 88.4 (0.41

100 0.067 109.7 4.35 (.01] 88.0 [0.7]

150 0.0

ABERT 25 0.127 74.4 ** 0.44 (.051 90.6 [0.9]
LAKE

50 0.129 150.8 1.44 [.04] 85.8 [0.7]

75 0.103 127.5 2.10 LOC 84.7 [0.51

100 0.062 72.7 3.71 1.64] 85.8 [0.3]

150 0.0

* Doubling time growth rate expressed as log base 2 units/day. Time
period used for exponential growth calculation is over days 10-30.
** Chlorophyll content for next-to-last harvest: selective enrichment
before final harvest did not alter yields, but changed chlorophyll
content as follows:

complete enrichment = 1.89 same units
nitrate enrichment = 1.70 as above
phosphate enrichment = 0.50

N=3 for chlorophyll and % water determinations, with both measured on
final harvest yields except where noted. Water content expressed as
percent of original wet weight.
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Table VII.3. F-test for difference between regression coefficients for
acclimated vs unacclimated Ctenocladus.

Regression
Coefficients

Clone Source Treatments (slopes)

Mono Lake

Abert Lake

50 stock 1.38
50 acclimated

F*

1.36 .014 ns

100 stock 0.64
100 acclimated

150 stock
150 acclimated

0.77 .561 ns

50 stock 1.05
50 acclimated 0.68

100 stock 0.51
100 acclimated 0.46

150 stock
150 acclimated

.407 ns

.118 ns

Acclimated clones were transferred from a specific gravity of
1.030 (stock) to a nutrient-enriched medium at 1.050 for over a
month prior to inoculation into experimental salinities.
* Comparison F-critical value at p=.05 for

1,2 degrees of freedom = 18.5.
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Appendix 1:

Sample Site Habitat Descriptions

MONO LAKE

Black Point Tufa Shoals:

Substrate of mixed tufa, detrital sediments, clay,
volcanic sand. Expansive shallow water (under 2m)
tufa shelf, forming wave-protected shoals, allowing
development of productive algal mat on organic
sediments and tufa fragments. Reflective white tufa
surfaces and shallow water permit rapid solar
heating of substrates even when ambient surface
water temperature over the remainder of the lake is
cold. Inflowing springs and seeps throughout the
littoral of this area create local salinity
reductions, permeate the sediments, and often form a
transient gradient from the shore.

Lee Vining Tufa Grove:

Tufa towers at the edge of a steep littoral. Sand,
organic sediments, tufa fragments and some submerged
vegetation. Seeps active along shore but freshwater
tends to layer over saline bottom waters with little
mixing in this somewhat wave-protected location.

Danburg Beach:

Mostly rounded cobble (non-porous surface), some
tufa fragments, sand and gravel (negligable organic
sediment/detritus). Open shores exposed to heavy
wave action. Most comparable of Mono sites to Abert.
Some seepage along shore, layering at surface.
Littoral drops off fairly close to shore.

ABERT LAKE

mp 86 (s. gravel depot) :

Rocks, cobble, gravel, sand, silt and unsettled
detrital sediments, some submerged vegetation.
Furthest south and closest to freshwater inflows
and colonizing biota from the Chewaucan River.
Open to wave action but relatively minimal since
fetch is short at this end of the lake.

mp 84 (Juniper Creek):

Rocks, with mixed sand and loose detritus. Site
varies from open shores with boulders, to
semi-protected embayment.



203

mp 81 (USGS marker):

Mainly cobble (few boulders or large rocks), with
mixed rock, gravel, and loose detritus. Open
shoreline, unprotected from wave action.

mp 78 (n. gravel depot):

Rocks, cobble, gravel, loose detritus. Shoreline
mostly exposed to wave action. Furthest north of
regularly sampled sites (further north mp 75 similar
but with somewhat larger rocks and wave exposure).
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Appendix 2:

Mono Lake: Seasonality and Composition Indices of Benthic Algae

Site
Substrate
(Depth)

Algal
Pigment

711184
Winter

Black Point Sediment
Tufa Shoals (25cm)

Epilithic
(5-10cm)

Epilithic
(30-40cm)

Lee Vining Epilithic
Tufa Grove (5-10cm)

Epilithic
(30-40cm)

Danburg Epilithic
Beach (5-10cm)

Chl a 42.2
(32.3,10)

Ph a/T .05

(.07,10)
C/T ratio 1.21

(.29,10)

Chl a

Ph a/T

C/T ratio

Chl a 5.3
(2.7,6)

Ph a/T .42

(.29,6)
C/T ratio 1.32

(.15,6)

Chl a

Ph a/T

C/T ratio

Chl a 0.7

(.3,3)
Ph a/T .61

(.07,3)
C/T ratio 1.76

(.3,3)

Chl a

Ph a/T

C/T ratio

Epilithic Chl a
(30-40cm)

Ph a/T

C/T ratio

8V84 8VI184 24IX84
Spring Summer Autumn

5m 20m 30m
24.6 11.3 5.7 4.1 8.2
(22.6,5)(11.0,5)(2.0,5) (1.9,10) (.5,10)
.32 .23 .52 .74 .67

(.31,5) (.08,5) (.26,5) (.22,10) (.18,10)
1.24 1.56 1.27 .98 1.53
(.14,5) (.12,5) (.17,5) (.13,10) (.20,10)

3.0 2.6 1.7

(.6,2) (.1,2) (.2,2)
.30 .18 .19

(0,2) (.03,2) (.06,2)
1.55 1.65 1.65
(.04,2) (.14,2) (.01,2)

0.9

(.7.3)
.59

(.21,3)

1.35
(.15,3)

0.5 6.8
(.2,3) (.7,3)
.91 .12

(.01,3) (.08,3)
1.29 1.34
(.11,3) (.09,3)

0.6 1.6
(.3,2) (.5,3)

.83 .51

(.06,2) (.25,3)

1.14 1.46
(.3,2) (.21,3)

0.3 1.5
(.1,3) (1.0,3)
.88 .66

(.05,3) (.24,3)

1.36 1.16
(.1,3) (.18,3)

0.5 0.7 1.9
(.4,3) (.6,3) (1.7,3)

.80 .78 .56

(.12,3) (.19,3) (.42,3)
1.35 1.32 1.25
(.16,3) (.05,3) (.24,3)

0.13
(.04,3)

.25

(.22,3)
1.70
(.06,3)

0.09
(.05,3)

.38

(.3,3)
1.84

(.51,3)

1.1 1.7
(.1,3) (.5,3)
.12 .00

(.08,3) (0,3)
1.62 1.43

(.17,3) (.03,3)

0.6 1.1

(.2,3) (.3,3)

.17 .00

(.04,3) (0,3)

1.56 1.40
(.02,3) (.1,3)

Units for algal Chl a = ug Chl a cm
-2

Column headings for
pigment measures: Ph a = Ph a/Ph a + Chl a Spring at Blk. Pt. Tufa

(fraction Ph a of total pigment) Shoals refer to distance
C/T ratio = carotenoid/total pigment from shore in horizontal

(C/Ph a + Chl a) meters.
Numbers in parentheses are standard deviation,sample size respectively.
Chl a = chlorophyll a, Ph a = Phaeophytin a.
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Appendix 3:

Abert Lake: Seasonality and Composition Indices of Benthic Algae

Site

Substrate
(Depth)

Algal
Pigment

911184

Winter
11Y84
Spring

10V1184
Summer

25IX84
Autumn

mp 78 Epilithic Chl a 9.0 2.5 8.3 6.2

(5-10cm) (7.1,2) (.2,3) (2.4,3) (1.9,3)

Ph a/T .00 .00 .00 .04

(0,2) (0,3) (0,3) (0,3)

C/T ratio 1.18 1.15 1.10 1.06

(.15,2) (.02,3) (.09,3) (.03,3)

Epilithic Chi a 17.4 3.0 13.0 3.0

(30-40cm) (8.2,6) (.4,3) (1.5,3) (.8,3)

Ph a/T .00 .00 .03 .06

(0,6) (0,3) (0,3) (.01,3)

C/T ratio 1.00 1.07 1.11 1.14

(.07,6) (.03,3) (.02,3) (.07,3)

mp 81 Epilithic Chl a 3.3 8.8 4.9

(5-10cm) (1.8,3) (1.9,3) (.4,3)

Ph a/T .00 .00 .03

(0,3) (0,3) (.01,3)

C/T ratio 1.17 1.16 1.11

(.04,3) (.03,3) (.06,3)

Epilithic Chl a 3.3 9.4 4.4

(30-40cm) (.7,3) (2.7,3) (.8,3)

Ph a/T .00 .00 .09

(0,3) (0,3) (.04,3)
C/T ratio 1.09 1.15 1.12

(.04,3) (.06,3) (.05,3)

mp 84 Epilithic Chl a 2.1 5.4 3.3

(5-10cm) (2.3,3) (.7,3) (1.2,3)

Ph a/T .00 .00 .04

(0,3) (0,3) (.01,3)

C/T ratio 1.36 1.06 1.16

(.16,3) (.02,3) (.03,3)

Epilithic Chl a 2.4 5.7 3.6

(30-40cm) (.7,3) (.1,3) (1.4,3)

Ph a/T .00 .01 .05

(0,3) (.02,3) (.05,3)

C/T ratio 1.19 1.10 1.20

(.07,3) (.08,3) (.04,3)

mp 86 Epilithic Chl a 2.0 4.9 4.2

(5-10cm) (.3,2) (2.2,3) (1.2,3)

Ph a/T .00 .00 .03

(0,2) (0,3) (.03,3)

C/T ratio 1.18 1.07 1.12

(0,2) (.08,3) (.03,3)

Epilithic Chl a 4.1 5.2 5.9

(30-40cm) (1.0,3) (1.6,3) (1.0,3)

Ph a/T .00 .01 .06

(0,3) (.03,3) (.02,3)

C/T ratio 1.01 1.10 1.09

(.01,3) (.03,3) (.01,3)

All units as in Appendix 2.



Appendix 4: Biochemical composition of Ephydra hians

Mono Lake E.hians Abert Lake E.hians Artemia monica

Larvae Pupae Adults Larvae Pupae Adults Brine shrimp adults (Mono L.)

Dry Weight per 2.85 1.95 1.31 3.04 3.27 2.70 1.78

Individual (mg) (.91,37) (.44,25) (.26,25) (1.05,28) (.70,25) (.36,24) (.05,43)

Percent H2O 87.2 -- 78.0 84.8 -- 76.0 84.7

Percent Ash 24.5 8.4 4.2 9.0 5.3 4.4 20.6*

(5.4,10) (4.5,8) (0.8,10) (2.3,10) (1.0,10) (0.9,10)

Percent Nitrogen 5.9 8.4 12.4 8.2 8.1 9.5 9.4*

(0.8,25) (1.1,25) (0.6,25) (0.8,25) (1.3,25) (0.6,24)

Percent Total Protein 36.8 52.6 77.3 51.3 50.9 59.4 58.5*

Percent Water Soluble 9.9 11.2 9.0 11.5 13.4 10.3

Protein (1.3,12) (1.4,12) (2.3,23) (2.2,12) (2.2,12) (4.0,24)

Percent Water Soluble 20.9 22.9 11.8 19.2 16.5 11.5

Carbohydrate (5.5,12) (5.6,12) (3.3,24) (3.4,12) (2.0,12) (2.1,24)

Percent Total Carbo-
hydrate (by difference)

22.4 22.9 11.8 19.2 23.5 22.6

Percent Lipid 16.3 22.2 11.6 28.0 20.3 13.6 10.6*

(3.0,12) (5.6,12) (5.5,12) (3.8,12) (6.4,12) (4.0,12)

Caloric Content/ 12.38 11.15 7.23 18.42 17.94 . 14.18 7.86

Individual

Calories/g dry weight 4344 5731 5528 6063 5489 5248 4413

Calories/g AFDW
(ash-free dry weight)

5753 6255 5771 6661 5796 5490 5559

All values are as percent of total dry weight, with standard deviation and sample size below, in parentheses. Summation of rows 3 (ash),

5 (protein), 8 (carbohydrate), and 9 (lipid) will approximate 100%, with total carbohydrate calculated by difference if sum is less than 100%.

Ash was determined by dry weight difference before and after combustion at 550 C for 3 hours. Total organic nitrogen was determined by the

micro-Kjeldahl method. Total protein was estimated from nitrogen content by the conversion factor of 6.25. Water soluble protein was

determined by the dye-binding assay of Bradford (1976). Water soluble carbohydrate was determined spectrophotometrically by reaction with

phenol (Kochert,1978). Lipid was determined by Soxhlet extraction for 20-24 hours in 2:1 chloroform:methanol. Caloric content was calculated

from protein, carbohydrate, and lipid by standard conversion factors. All life stages of E.hians analyzed were from field-collected specimens.

rn
*Data from Enzler et al. (1974).


