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Lakesarediscrete,largelyisolatedecosystemsinwhichtheinterplaybetweenphysical,

biogeochemicalandorganismalprocessescanbestudied,understood,andputtousein

effectivemanagement.

Introduction

Lakesareinlandbodiesofwaterthatlackanydirect
exchange with an ocean.Lake ecosystems are
madeupofthephysical,chemicalandbiological
properties contained within these waterbodies.
Lakes may contain fresh orsaltwater(in arid
regions).Theymaybeshallow ordeep,permanent
or temporary.Lakes of alltypes share many
ecologicalandbiogeochemicalprocessesandtheir
studyfallswithinthedisciplineof‘limnology’.Lakes
aresuperb habitats forthe study ofecosystem
dynamics:interactionsamongbiological,chemical
and physical processes are frequently either
quantitativelyorqualitativelydistinctfrom thoseon
land orin air.Because the boundaries between
waterandland,andwaterandairaredistinct,there
istightcouplingamongmanyecosystem compo-
nents.

Althoughlakescontain50.01%ofallthewateronth
eEarth’ssurface,theyhold498% oftheliquid
surface
freshwater.Manyorganismsdependonfreshwaterfo
r
survival,andhumansfrequentlydependonlakes
foragreatmany‘goodsandservices’suchas
drinkingwater,
wasteremoval,fisheries,agriculturalirrigation,indus
trialactivity,and recreation.Forthesereasons
lakesareimportantecosystems.

Lake ecosystems are influenced by their
watersheds, the
geological,chemicalandbiologicalprocessesthatoccu
ron the land and streams that lie uphill.The
movementofchemicals,sediments,detritus,andof
manyorganisms,istypicallyunidirectionalfrom the
watershed to the lake,but
fishmaymigrateupstream,andaquaticinsectsmayeme
rgeanddisperseontoland.Alakeanditswatershed
are often considered to be a single ecosystem
(Likens,1985).

LakeThermalStructure

Duringsummer,sunlightincreasesthetemperature
oflakesurfacewater.Wateratgreaterdepthsis
warmedless.Windatthesurfacecausesthetop
severalmetresoflakewatertomixhomogeneously

to form a warm surfacelayercalled the ‘epilimnion’.
Belowthelevelofwindmixing,temperaturedropsrapidly
throughazonecalledthethermocline,andbelowthisis
aregionofhomogeneously
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coolwatercalledthe‘hypolimnion’.Thistwo-
layer
physicalstructureiscalled‘thermalstratification’.S
ummer
stratificationdoesnotoccurinshallowwaterbodies,
norinhighlatitudeorhighaltitudelakeswhere
summers are short.In winter,surface water
directlyundertheiceisabout08C and deeper
waterisslightlywarmer.Wind
cannot mix water below the ice so
winterstratification
persists while the lake is frozen. Winter
stratification does not occur in tropicalor
subtropicallakes,inmanylargetemperate-zone
lakes,orinmanysaltlakes.

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

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

cyanobacteria)carryoutphotosynthesis,andadark
and coolhypolimnion where this production is
decom- posed. Decomposition also dominates
undertheiceoflakesthatfreezeover.Whenthe
amountofdecomposing organic matteris large,
anoxicconditions(nodissolvedoxygen)canprevail.

LakeHabitatsandFoodChains

Inthepelagiczone(open-waterregion)ofthelake,
phytoplanktoncarryoutphotosynthesisatthe base
of
thefoodweb.Theseunicellularorsimplecolonialalgaeo
rcyanobacteriasinkonlyveryslowlyandareeasily
resuspendedbywind-
drivenwatermovements.Verysmall phytoplankton
and bacteria are consumed by unicellular
zooplankton;largerphytoplanktonareconsumedby
largerzooplankton.Sometaxaaregeneraliststhat
filtermostalgaeencountered(e.g.Daphnia)andcan
haveamajorimpactonphytoplanktondensitiesin
lakes.Othertaxatendtoselectthemorenutritious
phytoplanktontoconsume.

Finedetritus(deadplankton)suspendedinthepela
gic
zoneiscolonizedbyheterotrophicbacteria,whichisth
en
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consumedbyprotists(ciliatesandflagellates)and
general- ist grazers. The protists are in turn
consumed by other
protistsorbycopepods.Thisreturnofenergytothepelag
ic food chain is called the ‘microbialloop’.Its
ultimateimportanceinlakeecosystemsremainsa
pointofdebate.Otherdetritus produced in the
epilimnionmaybetrappedatthethermoclineorsink
into the hypolimnion where it is decomposed
bybacteria.

Grazing zooplankton are consumed by
predatory invertebrates (rotifers, cyclopoid
copepods,somecladocerans,andinsectlarvaeof
the genus Chaoborus)orvertebrates (typically
fish).Zooplanktivorous fish also consume
predatory invertebrates.Piscivorous
fish (consume other fish) sit atop the
naturalfood

TheRoleofNutrients

Identifying thedeterminantsofalgalgrowth in
lakes is
crucialbothforunderstandinglakeecosystemfunctioni
ng,
andbecauseextensivealgalbloomsareanuisanceth
atcan
becausedbyhumanactivity.Primaryproductioninlak
eecosystemsdependsonnutrientsandlightas
essential resources. Phytoplankton take up
nutrients dissolved in
lakewater;rootedmacrophytesobtainnutrientsfrom
thesediments.Primaryproducersarepotentially
limited bycarbon,nitrogen orphosphorus.Of
these, carbon is the
mostcommonelementinalgaltissueandisalsothem
ost
abundantinsolutioninlakewater(CO2,HCO2,
or CO22).Nitrogen (NO 2,NH 1,N ) and
phosphorus3 3 4 2

websofmostlakesalthoughinsomecasesthere
arepiscivorous birds,otters,seals,crocodiles or
alligators.Humansactastoppredatorsinagreat
manylakesworldwide.

Submersedrootedplants(macrophytes)growing
at the
lakemargindefinethelittoralzone,andprovidehabitatfo
rattached algae (epiphytes),insects and other
invertebrates,and fishes thatuse this area for
breeding,coverandforaging.Somefishconsume
rootedplants,butmosteatinvertebratesorother
fish. The littoral zone captures much of the
chemicals,sedimentsanddetrituswashinginfrom
thewatershedandprocessesthesematerialsbefore
theyreachthepelagiczone.Becausemacrophytes
requirelighttogrow upfrom thelakebottom each
spring,thedistancethelittoralzoneextendsintothe
lake dependsupon how steeplythe lake bottom
dropsoffnearshore,andhowturbidthelakewater
iswithphytoplanktonorsuspendedsediments.

The profundalzone is the bottom waterand
sedimentsofdeeplakeswherethereisinsufficient
lightforphotosynthesis.Inthisregionbacteriaand
fungiobtainenergybydecomposingdetritus,orby
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,orinassociationwiththelakebottom are
called‘benthos’.

There are exchanges among alllake habitats.
Nutrients and dissolved organic carbon
(‘DOC’)moleculesreleased bymacrophytes in the
littoralzonediffuse tothepelagiczonewherethey
areusedbyalgaeandbacteria.Detritusfrom the
epilimnionsinkstothehypolimneticprofundalzone
wherenutrients are released. Nutrients in the
hypolimnion are returned totheepilimnionvia

diffusion,turbulentmixing acrossthethermocline,and
atturnover.Planktonic animals migrate between the
epilimnionandhypolimniononadailycycle,excreting
nutrients as they travel. Fish move
betweenthelittoralandpelagiczonesfeedingandbreeding
inoneplaceandexcretinganddefecatingnutrientsin
another.
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(PO32)are much less available,suggesting
that phos-
phorus,followedbynitrogen,ismostlikelytolimit
algalproductioninlakes.

Limitationbyothernutrientscanoccur:for
examplediatoms,algaecharacterizedbyhard
cellwallscontainingsilica,canbelimitedby
silica availability.Lightis also taken up and
consumed like other algalresources.Light
limitationcanoccurduringalgalbloomswhencells
closetothesurfaceshadealgaedeeperinthe
watercolumn,orwhenphytoplanktonshadethe
lakebottom andpreventmacrophytegrowth.

Phosphorus

Phosphorus is essentialin nucleic acids,
phospholipids,adenosinetriphosphate(ATP)
etc.,butisscarceinbio-accessibleformsin
lakes.Whereas carbon and nitrogen enter
lakes by exchange ofCO2and N2from the
atmosphere, the only natural source of
phosphorusisweatheringfrom thewatershed
ofPO32ions,which
dissolveonlypoorlyinwater.Thus,bio-availablephos-

phorusoccursinextremelylow

concentrationsinfresh-
waterandistakenupquicklybyphytoplankton.Inwater
containingdissolvedoxygen,PO32cancombinewithir
ontoforminsolublesaltsthatsinktothelakebottom,m

akingphosphorusstilllessavailableto
algae.Underanoxicconditionsinthehypolimnionorth

esediments,PO32becomessolubleagain(aprocesscall
ed‘internalloading’)andcanstimulatealgalgrowththro
ughmixingprocesses.Theparamountimportanceofp

hosphorusasaresource
forprimaryproducersinlakeshasbeenshown(1)asa
closerelationshipbetweenphosphorussupplyto
lakes world-
wideandtheabundanceofalgaetheycontain(Schindl
er,1978),(2)throughstudiesoflakespolluted
withphos-phorus-containinghumanwasteand
laundrydetergents,where phosphorus removal
has eliminated noxiousalgal
blooms(Edmondson,1991),and(3)throughwholelak
e experiments in which enrichmentwith both
phosphorusandnitrogenresultedinabloom of
cyanobacteria much
higherthanthegrowthofalgaeobservedinalakeenric
hed
onlywithnitrogen(Schindler,1974).Theimportantrol
e
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played by phosphorus in lake algalproduction
isgenerally accepted today, and successful
managementofmany lake ecosystems depends
uponcontrollingphosphorusinputs.

Nitrogen

Algalcellsrequirenitrogentosynthesizeproteins.Typ
i-
callynitrogenisavailableinlakesinhigherconcentrati
onsthan phosphorus.Mostalgaetakeup NH
1ions(from
decomposition)orNO2ions(frombacterialnitrificati
on of NH 1). However, many species of
cyanobacteriacan
also use N2diffusing across the air–water
boundary in a
processcallednitrogenfixationwhichformsNH1.Lak
e
ecosystemsarenotasfrequentlynitrogenlimitedas
marine
orterrestrialecosystems.Lakescanonlybenitrogen
limitediftherelativesupplyofphosphorusisgreaterth
an
thatofnitrogen.Addingwastewaterfromsewagetoal
ake
cancreatethiscondition,whichinturnfavoursthegro
wthofnitrogen-fixingcyanobacteriabecausethey
haveanalternativesourceofnitrogen.Thisiswhy
lakes with
excessivephosphorusinputstendtohavenoxiousblo
omsofcyanobacteria.

TrophicControloftheFoodChain

Theenrichmentofalgalgrowthbynutrients,and
the resulting enhanced production ofgrazing
zooplankton,predatoryinvertebratesandfish,is
called ‘bottom-up
control’becausenutrientsflowfromthebaseofthefo
odchainupthroughthetrophiclevels.However,
analternativeregulationofalgalabundanceand
primary production can come from ‘top-down
control’.When grazing zooplankton,especially
Daphnia,areabundant,algalbiomass can be
suppressed by consumption even
whennutrientconcentrationsarehigh.Large-
bodiedand
abundantzooplanktonoccurinlakesthathavearelati
velylownumberofzooplanktivorousfish(Brooks
and
Dodson,1965).Andlowzooplanktivorousfishdensity
is
foundinlakeswithhighnumbersofpiscivorousfish.T
hus,
analternativetoreducingphosphorusinputsasamea
nsof
regulatingtheabundanceofalgaeistoincreasethede
nsity
ofstockedpiscivorousfish.Managingfisherieshasbeco

meatoolforcontrollingphytoplanktonbiomassin
lakes(CarpenterandKitchell,1993).

In naturallakesboth bottom-up and top-down pro-
cesses operate.Theirrelative importance may vary
amonglakesorcanchangeseasonallywithinalake.For
example,in manytemperate-zonelakesinspring the
disappearance
oficeincreaseslightavailabilityandturnoverwhichmixes
nutrientsthroughoutthewatercolumn.Theresultisa



bottom-updrivenalgalbloom.Daphniathen
grows in
abundancetothepointwhereitsuppressesalgal
densitiesandcausesthewaterto become
quite transparentin a seasonaltop-down
eventcalledthe‘clearwaterphase’(Lampert
etal.,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
zooplanktonspeciesareequallyvulnerableto
predation.Fisharegenerallyvisually-orienting
predators that feed during the day on
thelargestpreyinthewater.Smallzooplanktonan
dthose
thatmigrateintothedarkhypolimnionduringthed
aycan escape detection butstillgraze on
phytoplankton.Stillotherzooplankton grow
spines that defend them against
predationbyinvertebrates,andzooplanktivorou
sfishmay
growsufficientlylargethatpiscivoresareunablet
ocaptureandconsumethem.

Theratesandeventheoccurrenceofmany
ecosystem processes,such as transfers of
nutrientsandenergyfrom onetrophiclevelto

the next,depend notonly on the physicaland
chemicalenvironment,butalso critically on the
characteristicsofthespeciespresent.
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