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Introduction to form a warm surfacelayer called the ‘epilimnion’.

Below the level of wind mixing, temperature drops rapidly

Lakes are inland bodies of water that lack any direct through a zone called the thermocline, and below this is
exchange with an ocean. Lake ecosystems are aregion ofhomogeneously
made up of the physical, chemical and biological

properties contained within these water bodies.

Lakes may contain fresh or salt water (in arid

regions). They may be shallow or deep, permanent

or temporary. Lakes of all types share many

ecological and biogeochemical processes and their

study falls within the discipline of ‘limnology’. Lakes

aresuperb habitats for the study of ecosystem

dynamics: interactions among biological, chemical

and physical processes are frequently either

quantitatively or qualitatively distinct from those on

land or in air. Because the boundaries between

water and land, and water and air are distinct, there

is tight coupling among many ecosystem compo-

nents.

Althoughlakescontain 50.01%ofallthewateronth
e Earth’s surface, they hold 4 98% of the liquid
surface
freshwater.Manyorganismsdependonfreshwaterfo
r

survival, and humans frequently depend on lakes
for a great many ‘goods and services’ such as
drinkingwater,
wasteremoval,fisheries,agriculturalirrigation,indus
trial activity, and recreation. For these reasons
lakes are importantecosystems.

Lake ecosystems are influenced by their
watersheds, the
geological,chemicalandbiologicalprocessesthatoccu
ron the land and streams that lie uphill. The
movement of chemicals, sediments, detritus, and of
many organisms, is typically unidirectional from the
watershed to the lake,but
fishmaymigrateupstream,andaquaticinsectsmayeme
rge and disperse on to land. A lake and its watershed
are often considered to be a single ecosystem
(Likens,1985).

Lake ThermalStructure

During summer, sunlight increases the temperature
of lake surface water. Water at greater depths is
warmed less. Wind at the surface causes the top
several metres of lake water to mix homogeneously



cool water called the ‘hypolimnion’. This two-
layer
physicalstructureiscalled‘thermalstratification’.S
ummer
stratificationdoesnotoccurinshallowwaterbodies,
norin high latitude or high altitude lakes where
summers are short. In winter, surface water
directly under the ice is about 08C and deeper
water is slightly warmer.Wind

cannot mix water below the ice
winterstratification
persists while the lake is frozen. Winter

stratification does not occur in tropical or
subtropical lakes, in many large temperate-zone
lakes, or in many salt lakes.

Lakesthatstratifyduringsummerandwintermi
xfrom top to bottom during spring and
autumn in eventscalled
‘turnover’.Lakesthatdonotstratifyinwinter,andt
hose
thatdonotstratifyinsummer,mixcontinuouslyth
rough-
outtheirunstratifiedperiods.Tropicallakesmays
tratify every day and mix everynight.

Summer thermal stratification divides the lake

environ- ment into two distinct parts: an
illuminated and warm epilimnion where
phytoplankton (algae and photosyn- thetic

SO

cyanobacteria) carry out photosynthesis, and a dark
and cool hypolimnion where this production is
decom- posed. Decomposition also dominates
under the ice of lakes that freeze over. When the
amount of decomposing organic matter is large,
anoxic conditions (no dissolved oxygen) can prevail.

Lake Habitats and Food Chains

In the pelagic zone (open-water region) of the lake,
phytoplankton carry out photosynthesis at the base
of
thefoodweb.Theseunicellularorsimplecolonialalgaeo
r cyanobacteria sink only very slowly and are easily
resuspendedbywind-
drivenwatermovements.Verysmall phytoplankton
and bacteria are consumed by unicellular
zooplankton; larger phytoplankton are consumedby
larger zooplankton. Some taxa are generalists that
filter most algae encountered (e.g. Daphnia) and can
have a major impact on phytoplankton densities in
lakes. Other taxa tend to select the more nutritious
phytoplankton to consume.

Finedetritus(deadplankton)suspendedinthepela
gic
zoneiscolonizedbyheterotrophicbacteria,whichisth
en
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consumed by protists (ciliates and flagellates) and
general- ist grazers. The protists are in turn
consumed by other
protistsorbycopepods.Thisreturnofenergytothepelag
ic food chain is called the ‘microbial loop’. Its
ultimate importance in lake ecosystems remains a
point of debate. Other detritus produced in the
epilimnion may be trapped at the thermocline or sink
into the hypolimnion where it is decomposed

bybacteria.
Grazing zooplankton are consumed by
predatory invertebrates (rotifers, cyclopoid

copepods, some cladocerans, and insect larvae of
the genus Chaoborus) or vertebrates (typically

fish). Zooplanktivorous fish also consume
Predatorg invertebrates. Piscivorous
I1ST nsuime owner 1nsn) SIL dalop mne
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The Role of Nutrients

Identifying the determinants of algal growth in
lakes is
crucialbothforunderstandinglakeecosystemfunctioni
ng,
andbecauseextensivealgalbloomsareanuisanceth
atcan
becausedbyhumanactivity.Primaryproductioninlak
e ecosystems depends on nutrients and light as
essential resources. Phytoplankton take up
nutrients dissolved in
lakewater;rootedmacrophytesobtainnutrientsfrom
the sediments. Primary producers are potentially
limited by carbon, nitrogen or phosphorus. Of
these, carbon is the
mostcommonelementinalgaltissueandisalsothem
ost

abundant in solution in lake water (CO2, HEO 2,
or CO*®). Nitrogen (NO % NH ', N ) and
phosphorus

diffusion, turbulent mixing across the thermocline, and
at turnover. Planktonic animals migrate between the
epilimnion and hypolimnion on a daily cycle, excreting
nutrients as they travel. Fish move
betweenthelittoralandpelagiczonesfeedingandbreeding

webs of most lakes although in some cases there
are piscivorous birds, otters, seals, crocodiles or
alligators. Humans act as top predators in a great
many lakes worldwide.

Submersed rooted plants (macrophytes) growing

at the
lakemargindefinethelittoralzone,andprovidehabitatfo
r attached algae (epiphytes), insects and other
invertebrates, and fishes that use this area for
breeding, cover and foraging. Some fish consume
rooted plants, but most eat invertebrates or other
fish. The littoral zone captures much of the
chemicals, sediments and detritus washing in from
the watershed and processes these materials before
they reach the pelagic zone. Because macrophytes
require light to grow up from the lake bottom each
spring, the distance the littoral zone extends into the
lake depends upon how steeply the lake bottom
drops off near shore, and how turbid the lake water
is with phytoplankton or suspended sediments.

The profundal zone is the bottom water and
sediments of deep lakes where there is insufficient
light for photosynthesis.In this region bacteria and
fungi obtain energy by decomposing detritus, or by
chemo- autotrophy (breaking energy-rich chemical

bonds in inorganic molecules). Insect larvae
(typically  dipterans) and  annelid worms
(oligochaetes) live in the soft bottom

sedimentsandconsumedetritus.Allorganismsthatlive
in, on, or in association with the lake bottom are
called ‘benthos’.

There are exchanges among all lake habitats.
Nutrients and dissolved organic  carbon
(‘DOC")molecules released by macrophytes in the
littoral zone diffuse to the pelagic zone where they
are used by algae and bacteria. Detritus from the
epilimnion sinks to the hypolimnetic profundal zone
wherenutrients  are released. Nutrients in the
hypolimnion are returned to the epilimnion via

in one place and excreting and defecating nutrients in

another.



(PO"%) are much less available, suggesting
that phos-
phorus,followedbynitrogen,ismostlikelytolimit
algal production inlakes.

Limitation by other nutrients can occur: for
example diatoms, algae characterized by hard
cell walls containing silica, can be limited by
silica availability. Light is also taken up and
consumed like other algal resources. Light
limitationcanoccurduringalgalbloomswhencells
closeto the surface shade algae deeper in the
water column, or when phytoplankton shade the
lake bottom and prevent macrophytegrowth.

Phosphorus

Phosphorus is essential in nucleic acids,
phospholipids, adenosine triphosphate (ATP)
etc., but is scarce in bio- accessible forms in
lakes. Whereas carbon and nitrogen enter
lakes by exchange of COzand N:from the
atmosphere, the only natural source of
phosphorus is weathering from the watershed
of PO*?%ions, which

dissolveonlypoorlyinwater.Thus,bio-availablephos-

phorus occurs in extremely low

concentrationsin fresh-
waterandistakenupquicklybyphgtoplankton.Inwater
containingdissolvedoxygen,PO**cancombinewithir
ontoforminsolublesaltsthatsinktothelakebottom,m
akingphosphorus still less available to
algae.Underanoxicconditionsinthehypolimnionorth
esediments,PO**becomessolubleagain(aprocesscall
ed‘internalloading’)andcanstimulatealgalgrowththro
ughmixingprocesses.Theparamountimportanceofp
hosphorusasaresource
forprimaryproducersinlakeshasbeenshown(1)asa
close relationship between phosphorus supply to
lakes world-
wideandtheabundanceofalgaetheycontain(Schindl
er, 1978), (2) through studies of lakes polluted
with phos- phorus-containing human waste and
laundrydetergents, where phosphorus removal
has eliminated noxiousalgal
blooms(Edmondson,1991),and(3)throughwholelak
e experiments in which enrichment with both
phosphorus and nitrogen resulted in a bloom of
cyanobacteria much
higherthanthegrowthofalgaeobservedinalakeenric
hed
onlywithnitrogen(Schindler,1974).Theimportantrol
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played by phosphorus in lake algal production
isgenerally accepted today, and successful
management of many lake ecosystems depends
upon controlling phosphorusinputs.

Nitrogen

Algalcellsrequirenitrogentosynthesizeproteins.Typ
I_
callynitrogenisavailableinlakesinhighergoncentrati
ons than phosphorus. Most algae take up NH
'ions (from

decomposmon)orNQ ions(frombacterialnitrificati
on of NH 7). However, many species of
cyanobacteria can

also use Nodiffusing across the air— water
boundary in
processcaIledn|trogenﬁxat|onwhlchformsNH Lak
e
ecosystemsarenotasfrequentlynitrogenlimitedas
marine
orterrestrialecosystems.Lakescanonlybenitrogen
limitediftherelativesupplyofphosphorusisgreaterth
an
thatofnitrogen.Addingwastewaterfromsewagetoal
ake
cancreatethiscondition,whichinturnfavoursthegro
wth of nitrogen-fixing cyanobacteria because they
have an alternative source of nitrogen. This is why
lakes with
excessivephosphorusinputstendtohavenoxiousblo
oms ofcyanobacteria.

TrophicControlof theFoodChain

The enrichment of algal growth by nutrients, and
the resulting enhanced production of grazing
zooplankton, predatory invertebrates and fish, is
called ‘bottom-up
control’becausenutrientsflowfromthebaseofthefo
od chain up through the trophic levels. However,
an alternative regulation of algal abundance and
primary production can come from ‘top-down
control’. When grazing zooplankton, especially
Daphnia, areabundant, algal biomass can be
suppressed by consumption even
whennutrientconcentrationsarehigh.Large-
bodiedand
abundantzooplanktonoccurinlakesthathavearelati
vely low number of zooplanktivorous fish (Brooks
and
Dodson,1965).Andlowzooplanktivorousfishdensity
is
foundinlakeswithhighnumbersofpiscivorousfish.T
hus,
analternativetoreducingphosphorusinputsasamea
nsof
regulatingtheabundanceofalgaeistoincreasethede
nsity
ofstockedpiscivorousfish.Managingfisherieshasbeco

me a tool for controlling phytoplankton biomass in
lakes (Carpenter and Kitchell,1993).

In natural lakes both bottom-up and top-down pro-
cesses operate. Their relative importance may vary
among lakes or can change seasonally within a lake. For
example, in many temperate-zone lakes in spring the
disappearance
oficeincreaseslightavailabilityandturnoverwhichmixes
nutrients throughout the water column. The result isa



bottom-up driven algal bloom. Daphnia then
grows in
abundancetothepointwhereitsuppressesalgal
densities and causes the water to become
quite transparent in a seasonal top-down
event called the ‘clear water phase’ (Lampert
et al.,1986).

Withinthesebroadgeneralizations,thereiseco
logically
importantvariationamongtaxa.Onlysomephyto
plank- ton can fix nitrogen. Not all
phytoplankton species are
equallyedibleforgrazingzooplankton:cyanobac
teriacan
beofpoornutritionalquality(lowinessentialfatty
acids),
oftencontaintoxins,andgrazershaveareducedi
mpacton these cells. Similarly, not all
zooplankton species are equally vulnerable to
predation. Fish are generally visually-orienting
predators that feed during the day on
thelargestpreyinthewater.Smallzooplanktonan
dthose
thatmigrateintothedarkhypolimnionduringthed
aycan escape detection but still graze on
phytoplankton. Still other zooplankton grow
spines that defend them against
predationbyinvertebrates,andzooplanktivorou
sfishmay
growsufficientlylargethatpiscivoresareunablet
ocapture and consumethem.

The rates and even the occurrence of many
ecosystem processes, such as transfers of
nutrients and energy from one trophic level to

the next, depend not only on the physical and
chemical environment, but also critically on the
characteristics of the species present.
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