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Abstract Dramatic changes in environmental conditions

or community composition may impose severe selective

pressures on resident populations. These changes in the

selective regime can lead to demographic bottlenecks or

local extinction. The consequence of demographic con-

traction is often a reduction of standing genetic variation.

Since the level of adaptive genetic variation in populations

plays an important role in persistence and adaptive

response, understanding genetic resilience and the time

course for re-establishment of genetic diversity following

demographic perturbations is a critical component of

assessing the consequences of changing environments. The

introduction of nonnative fish into historically fishless lakes

is a particularly dramatic environmental change frequently

contributing to demographic bottlenecks and local extinc-

tion of native populations. We examine the quantitative-

and molecular-genetic recovery of two alpine populations

of the zooplankton Daphnia melanica from the Sierra

Nevada, California, USA. These populations were extir-

pated by introduced salmonids and subsequently re-estab-

lished following the experimental removal of nonnative

fish. We obtained data for nuclear and mitochondrial

markers and conducted a common-garden experiment to

assess the levels of molecular- and quantitative-genetic

variation following experimental fish removal. Reestab-

lished D. melanica populations attained levels of nuclear

genetic diversity only slightly lower than surrounding

fishless populations in the first year following fish removal

and substantial mitochondrial and quantitative-genetic

diversity within 8 years. This high level of genetic resil-

ience was likely facilitated by multiple sources of genetic

variation, including immigration from neighboring popu-

lations and hatching from a local reservoir of diapausing

eggs. Our results highlight the genetic resilience of taxa

with reservoirs of genetic variation in seed or egg banks.
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Introduction

Demographic concerns have historically been the primary

consideration guiding conservation management strategies.

Increasingly, the significance of maintaining high levels of

genetic diversity for adaptive traits has become more

widely appreciated (Frankham et al. 2002; Kohn et al.

2006; Bonin et al. 2007). Both demographic and genetic

recovery are important following demographic collapse.

Rapid population growth alleviates stochastic threats to

population persistence while genetic diversity provides

material for adaptive response to subsequent changes in the

environment. The importance of genetic variation is high-

lighted by consideration of the deleterious impacts of

inbreeding depression in small populations (Tallmon et al.

2004), recent theoretical and empirical treatments of the

relationship between adaptation and population persistence
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in changing environments (Gomulkiewicz and Holt 1995;

Orr and Unckless 2008; Bell and Gonzalez 2009), and the

realization that many populations undergo rapid adaptive

responses to changes in their environment (Thompson

1998; Hendry and Kinnison 1999; Cousyn et al. 2001; Fisk

et al. 2007).

One reason genetic diversity has not always been a

management priority is that genetic recovery often occurs

on time-scales that far exceed that of pure demographic

recovery. Northern elephant seals provide a classic dem-

onstration of the disparity between recovery of genetic

variation and population expansion. Following a bottleneck

in the 1880s that reduced the population to as few as 20

individuals, northern elephant seals currently number

around 175,000 (Weber et al. 2000). However, decades

later no detectable genetic diversity for 20 allozymes

(Bonnell and Selander 1974), and only two mitochondrial

variants (Hoelzel et al. 1993) were found in the extant

population. Thus, while these populations are buffered

against extinction risk from environmental and demo-

graphic stochasticity, they remain prone to extinction

because of their compromised adaptive potential to selec-

tive challenges such as novel pathogens and environmental

change.

Species introductions or invasive species entering naı̈ve

communities often contribute to demographic reductions in

the population size of native species and a corresponding

loss of genetic variation (Sakai et al. 2001). This pattern is

the frequent outcome following the introduction of non-

native fish into historically fishless lakes in alpine eco-

systems (Parker et al. 1996; Bradford et al. 1998; Donald

et al. 2001; Knapp et al. 2001a; Schindler and Parker

2002). These introductions have repeatedly led to popula-

tion bottlenecks and local extinction of native amphibian,

macroinvertebrate, and zooplankton populations (Bradford

et al. 1998; Knapp and Matthews 2000; Knapp et al.

2001b). Accordingly, several species, particularly

amphibians whose populations have been reduced to less

than 10% of historical sizes in some cases (Vredenburg

et al. 2006), are now high priority targets for conservation

efforts.

When fish are removed from freshwater lakes, native

populations often undergo periods of demographic expan-

sion. Experimental removal of fish from lakes has resulted

in the recovery of native populations of the mountain

yellow-legged frog, Rana muscosa, in the Sierra Nevada,

California (Vredenburg 2004; Knapp et al. 2007) and

northwestern salamander, Ambystoma gracile, in the

northern Cascade Mountains of Washington (Hoffman

et al. 2004). Zooplankton populations that produce dormant

resting eggs are particularly suited for rapid demographic

recovery following fish removal. Experimental fish

removal facilitated the recolonization and establishment of

previously extinct Daphnia and copepod populations in

lakes of the Sierra Nevada (Knapp et al. 2001b; Sarnelle

and Knapp 2004; Knapp and Sarnelle 2008) and the

Daphnia population in Bighorn Lake in Alberta, Canada

(Parker et al. 2001). Thus, lakes in which fish have been

experimentally removed provide a unique opportunity for

simultaneous investigation of the dynamics of demo-

graphic and genetic recovery in natural populations fol-

lowing population bottlenecks and local extinction.

The goal of this study is to estimate levels of neutral and

quantitative genetic variation in two D. melanica popula-

tions (‘‘restoration populations’’) from the Sierra Nevada in

which the planktonic population was extirpated prior to the

experimental removal of nonnative fish. To achieve our

goal we collected allelic data for nuclear loci (microsatel-

lites) and sequence data for mitochondrial protein coding

genes, which provide coarse estimates of overall genomic

diversity. We also conducted a common-garden experiment

to estimate levels of quantitative genetic variation for

ecologically relevant traits. We compared the levels of

neutral and quantitative genetic variation in restoration

populations 1 and 8 years after fish removal with estimates

of genetic variation in D. melanica populations with no

history of fish introductions (‘‘fishless populations’’). This

study builds on previously described demographic response

to fish removal in these populations (Sarnelle and Knapp

2004).

Materials and methods

Study populations

Daphnia melanica used in this study were collected from

six permanent lakes in the central Sierra Nevada in Fresno

and Tuolumne counties in California, USA. We classified

these populations into two groups: restoration lakes with

known fish stocking histories and recent experimental fish

removal, and fishless lakes with a limited or absent fish

stocking history (Sarnelle and Knapp 2004; Fisk et al.

2007). The study lakes are located in the Delaney Creek

and Humphreys Basins at elevations ranging from 3150 to

3602 m and were chosen based on the results of previous

zooplankton sampling (Stoddard 1987; Knapp et al. 2001b,

2005). Three of these lakes have no history of salmonid

introductions: ‘‘Snowpole’’ [350430 E, 4123368 N (all

coordinates are in UTM Zone 11)]; ‘‘Source’’ (349988 E,

4125708 N); and Middle Skelton (298120 E, 4201298 N).

One lake, Wahoo Lake #2 (347968 E, 4121602 N), was

stocked a single time in 1960 without follow-up stocking.

This lake did not sustain a resident salmonid population

following this initial introduction and is here considered a

fishless population. The restoration lakes have a known
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history of salmonid introductions including golden trout

(O. m. aguabonita) and brook trout (Salvelinus fontinalis).

Marmot Lake was stocked with golden trout every other

year from 1955 to 1995. Square Lake was stocked with

brook trout in 1948 and with golden trout ever other year

from 1955 to 1995. Fish were experimentally removed

from Square Lake in 1997 and from Marmot Lake in 1998

[details of fish removal can be found in Sarnelle and Knapp

(2004, 2005) and Knapp et al. (2007)].

Daphnia melanica were collected from the study lakes

using a 30 cm conical tow net and either immediately

preserved in 95% ethanol [Square and Marmot Lake 1999

samples (Sarnelle and Knapp 2004)], or transported to the

laboratory where they were maintained at 4�C for a per-

iod of 1–2 weeks prior to isolation for establishment into

clonal culture. All study lakes were sampled in 2005 and

both restoration lakes were sampled in 1999, 1–2 years

after fish removal and immediately after the first detection

of D. melanica in zooplankton samples. To maximize the

amount of genetic variation captured in live collections

from each population, mature females from the original

field collections were isolated and placed singly into

250 ml beakers containing 200 ml of filtered well-water.

This procedure ensured that no isolates were genotypi-

cally identical individuals derived from asexually pro-

duced clutches released during the period from collection

in the field until isolation in the lab. At 4�C, asexual

offspring released prior to isolation in the lab would not

have sufficient time to reach maturity and were discarded.

Stock cultures were established and maintained from

these isolated individuals by clonal reproduction under

constant conditions of temperature (15�C) and photope-

riod (16L:8D). D. melanica were fed a vitamin-supple-

mented, pure culture of the green alga Scenedesmus

obliquus every 3–4 days.

Molecular methods and analysis

DNA extraction, PCR amplification, and sequencing:

Genomic DNA from 20 individuals/population (24 indi-

viduals for Marmot 1999 and Square 1999; 168 individuals

total) was obtained by a standard proteinase-K digestion

followed by phenol/chloroform/isoamyl alcohol extraction

(Sambrook and Russell 2002).

Microsatellite loci: The polymerase chain reaction

(PCR) was used to amplify six tri-nucleotide microsatellite

markers (Colbourne et al. 2004) in 24 individuals from the

restoration populations collected in 1999 (Square Lake and

Marmot Lake) and 20 individuals collected from all pop-

ulations in 2005. Amplifications were performed in 25 ll

reactions using 1 ll of genomic DNA extraction, 2.5 ll

109 PCR buffer with MgCl2, 2.5 ll 8 mM dNTP mix,

2.5 ll of each 2 lM primer, 0.1 ll Taq DNA polymerase

(Perkin Elmer Cetus), and water to final volume. Reactions

consisted of an initial denaturation step at 94�C for 4 min,

followed by 36 cycles of 92�C for 60 s, locus-specific

annealing temperature for 60 s, and 72�C for 60 s, and a

final extension step at 72�C for 10 min. Negative controls

were performed with all reactions. Primer sequences and

locus-specific annealing temperatures are given in Table 1.

Fluorescently labeled amplicons were run with a ROX 400

(Applied Biosystems Inc) size standard on an ABI 3100

automated sequencer. Individual genotype profiles were

visualized and scored for each primer combination using

GeneMapper v4.0 software (Applied Biosystems Inc).

Mitochondrial genes: The polymerase chain reaction

(PCR) was used to amplify portions of the mtDNA COI

and ND5 genes using primers COIf (50-TCT CAA CTA

CTC ATA AGG ACA TTG G-30), COIr (50-TAT ACT

TGA GGA TGA CCA AAG AAC CA-30), ND5a (50-AAA

GAA GAA ACC ATA TTA AAC C-30), and ND5b

Table 1 Microsatellite loci

used in this study

All primers are from Colbourne

et al. (2004)

Primer Sequence 50 Label Annealing

temperature (�C)

CAA2-FW 50-TCC CTG CCA CAT TCT CCT CAT-30 TET 52

CAA2- RV 50-GCC ATC TCT TTT TCA CTT AGC-30

CAA8-FW 50-ACT CCC TCC CAC AAC AAC TGC-30 TET 56

CAA8-RV 50-TCT CTT ACT CCC CGC TCT CAA-30

CAA14-FW 50-CCC CTC AGT CCA TTG TCG C-30 6-FAM 48

CAA14-RV 50-GCC ATA GCA GCC GCC ATT CC-30

CAA27-FW 50-CCG CCA TTC GTC CTA TCA CC-30 TET 60.5

CAA27-RV 50-ACG AAG TGG GCG ACG AAG AC-30

GTT3-FW 50-ATT CTA CAC TAT AAA CAG TC-30 HEX 48

GTT3-RV 50-GTC AGC TTG CAT CCA ATC C-30

1-41-FW 50-TTT CCT TTT GAA CCT GCT GG-30 6-FAM 52

1-41-RV 50-AAT GGC TAC TTT ATC AAC ACG-30
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(50-GGG GTG TAT CTA TTA ATT CG-30). Mitochon-

drial sequences were generated from ten individuals in all

populations except Middle Skelton Lake where sequences

were generated from nine individuals. Amplifications were

performed in 50 ll reactions using 2 ll of genomic DNA

extraction, 5 ll 109 PCR buffer with MgCl2, 5 ll 8 mM

dNTP mix, 5 ll of each 2 lM primer, 0.2 ll Taq DNA

polymerase (Perkin Elmer Cetus), and water to final vol-

ume. Reactions consisted of an initial denaturation step at

94�C for 5 min, followed by 35 cycles of 92�C for 45 s,

46�C for 60 s, and 72�C for 90 s, and a final extension step

at 72�C for 5 min. Negative controls were performed with

all reactions. PCR products were purified using Qiaquick

PCR purification spin columns (QIAGEN Inc.). The DNA

sequences of purified PCR products were generated using

Dye Terminator Cycle Sequencing (Applied Biosystems

Inc) and run on an ABI 3100 automated DNA sequencer

(Applied Biosystems Inc). PCR products were sequenced

from both the forward and reverse directions to generate

overlapping fragments, which were assembled into con-

tiguous sequences and aligned using SEQUENCHER 4.2.2

(Gene Codes). The final alignment of 1325 bp comprised

618 bp of COI and 707 bp of ND5. All unique mtDNA

sequences were deposited in GenBank (accession HM

131366-131425, HM 137667-137726).

We evaluated the level of variability for microsatellite

data by generating estimates of the expected heterozy-

gosity (He), and gene diversity (p) in ARLEQUIN

(Schneider et al. 2000). Population specific estimates of

expected heterozygosity were calculated as the average

over six loci. We also calculated population-specific

estimates of the degree of homozygosity in excess of

Hardy–Weinberg expectations (Gis) as a metric to

describe the degree to which populations deviate from

Hardy–Weinberg equilibrium. For estimates of Gis, posi-

tive values imply heterozygote excess while negative

values suggest homozygote excess. Estimates of average

gene diversity (p) over all loci for each population were

calculated as the probability that two randomly chosen

homologous loci are different (Nei 1987). Our estimates

of gene diversity for microsatellite data are equivalent to

estimates of gene diversity at the nucleotide level for

sequence data. To ascertain the level of population dif-

ferentiation we estimated Dest (Jost 2008, 2009) rather

than the traditional measures of population subdivision

(i.e. Gst and related measures) because Dest does not rely

on the assumptions inherent in the traditional measures of

population differentiation that are often violated, particu-

larly in clonally reproducing Daphnia populations. Fur-

thermore, a meta-analysis of 34 published studies showed

that Dest is the most appropriate estimator of population

differentiation for studies utilizing microsatellite markers

(Heller and Siegismund 2009). We used SMOGD v1.2.5

(Crawford 2010) to calculate estimates of Dest. Finally,

we evaluated the current level of genetic variability in

mitochondrial sequence data from each of our populations

by generating estimates of nucleotide diversity (pN; Nei

1987) in ARLEQUIN 2.0 (Schneider et al. 2000).

Common-garden experiment and quantitative-genetic

analysis

Morphological (body size at maturity) and life-history (age

at maturity and number of offspring in first clutch) traits

were assayed in a subset of our study populations collected

in 2005 using a standard experimental design (Lynch 1985;

Pfrender and Lynch 2000). The subset of populations used

included two restoration populations (Marmot and Square)

and two fishless populations (Snowpole and Source). Sin-

gle immature females were isolated from unique clonal

stock cultures from each population. These individuals

were maintained as single, asexually produced progeny for

two generations. Morphological and life-history traits were

assayed in third generation individuals. This design ensures

maternal and grand-maternal effects will contribute to the

within-clone rather than among-clone component of vari-

ance. Fifty clones randomly chosen from the stock cultures

of each population were assayed in the common garden.

Each clone had two replicates yielding 250 clonal lines and

500 total individuals.

Individuals were maintained in 250 ml beakers con-

taining 150 ml filtered well-water supplemented with

S. obliquus at a concentration of 97.5% light transmittance.

The water-algae mixture was replaced every other day to

ensure constant food density. Beakers were kept on ran-

domly placed trays in a environmental chamber at 18�C

and a photoperiod of 16L:8D. The position of trays was

changed daily to minimize micro-environmental differ-

ences in the chamber.

Body size at maturity (first appearance of eggs in brood

pouch), from the top of the head to the base of the tail

spine, was measured with a stereomicroscope and an optic

ruler calibrated using a micrometer slide. Upon release of

the first clutch, the number of live offspring was counted.

Age estimates were calculated by subtracting the date at

maturity from the date of birth and refined by identifying

the embryonic developmental stage (Spitze 1993; Lynch

et al. 1999).

Population specific broad-sense heritabilities for each

trait were estimated using one-way ANOVA for unbal-

anced design to partition the total phenotypic variance into

the within-clone and among-clone components, respec-

tively the environmental and genetic sources of variation.

Broad-sense heritability was then estimated as H2 =

Vg/(Vg ? Ve). Standard errors for H2 were estimated by

the delta method (Lynch and Walsh 1998).
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Results

Molecular genetic variation

In general, estimates of genetic diversity based on micro-

satellite loci were lower in restoration populations than

historically fishless populations (Table 2). A majority of

populations had at least one locus that significantly devi-

ated from Hardy–Weinberg expectations. Population group

averages of homozygosity in excess of Hardy–Weinberg

expectations (Gis) in restoration populations (1999—0.13;

2005—0.14) and fishless populations (0.15) were similar,

both showing an excess of heterozygotes. Estimates of

gene diversity (p) were low in restoration populations

relative to fishless populations.

The level of population differentiation based on micro-

satellite markers among populations was similar for the

dataset that included all fishless populations and only the

restoration population samples from 1999 (Dest = 0.17)

and the dataset that included all fishless populations and

only the restoration populations sampled in 2005

(Dest = 0.18). However, Middle Skelton Lake is located in

a different basin than the remaining lakes, and when data

from this lake is removed so that only lakes located in the

Humphreys Basin are included, estimates of differentiation

decrease substantially (1999, Dest = 0.08; 2005, Dest =

0.10). Within each restoration lake across the sampling

interval, the level of population differentiation for Marmot

Lake from 1999 to 2005 was 0.01 while the level of pop-

ulation differentiation for Square Lake from 1999 to 2005

was 0.03.

The concatenated COI and ND5 sequences revealed 19

unique mitochondrial haplotypes. Populations within

Humphreys Basin (i.e. excluding Middle Skelton Lake)

contained 16 unique mtDNA haplotypes. The restoration

populations (Square and Marmot Lakes) both had a com-

bination of unique and shared haplotypes (Fig. 1). Square

Lake contained three different haplotypes, one unique and

two shared with Snowpole. Marmot Lake had higher hap-

lotype diversity with five different haplotypes. Three of

these haplotypes were unique to Marmot Lake, one shared

with Source, and one shared with Wahoo Lake. The fish-

less populations (Source Lake, Snowpole Lake, and Wahoo

Lake) also showed a pattern of unique and shared haplo-

types. Source Lake had two haplotypes, one unique and

one shared with Marmot Lake. Snowpole Lake had eight

haplotypes, six were unique, while the remaining two were

shared with Square Lake. Wahoo Lake had two haplotypes,

one unique and the other shared with Marmot Lake.

Estimates of nucleotide diversity (pN) in restoration

Table 2 Genetic diversity indices based on microsatellite loci (He,

Gis, and p) and mitochondrial sequences (pN) for each population

Population He Gis p pN

Restoration

MAR99 0.32 0.10 0.27 (0.20) ND

SQU99 0.31 0.18 0.28 (0.19) ND

Average 0.32 0.14 0.28 ND

MAR05 0.31 0.27 0.29 (0.19) 0.0034 (0.0021)

SQU05 0.35 0.00 0.34 (0.21) 0.0044 (0.0026)

Average 0.33 0.13 0.32 0.0039

Fishless

WAH 0.36 0.04 0.33 (0.21) 0.0002 (0.0002)

MSK 0.43 0.42 0.39 (0.24) 0.0022 (0.0015)

SNO 0.49 -0.04 0.47 (0.28) 0.0103 (0.0058)

SOU 0.32 0.17 0.30 (0.20) 0.0060 (0.0034)

Average 0.40 0.15 0.37 0.0047

The expected (He) heterozygosity is the average based on six loci.

The level of homozygosity in excess of Hardy–Weinberg expectations

(Gis) was estimated for each locus separately and averaged over all

loci. Estimates of microsatellite gene diversity (p ± SE) are proba-

bilities of randomly chosen homologous loci being different. Esti-

mates of mitochondrial nucleotide diversity (pN ± SE) were

calculated using two mitochondrial genes treated as one aligned

sequence. The number of genotyped individuals for microsatellite loci

in each population was 20 except in the case of Marmot 1999 and

Square 1999 which each had 24 genotyped individuals. The number

of genotyped individuals for mitochondrial sequence data was ten

individuals except MSK which had nine genotyped individuals.

Samples for which data was not obtained are denoted by ND

Fig. 1 Map of study populations and results of haplotype sharing. A

portion of the Humphreys Basin is shown with study lakes dark

shaded. The proportion of unique (black) and shared (white) mtDNA

haplotypes for each population located in the Humphreys Basin are

depicted by the bar. Middle Skelton Lake is not in the Humphreys

Basin and is not shown. Inset shows the location of the study lakes in

California, USA
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populations were lower than estimates from fishless pop-

ulations (Table 2).

Quantitative genetic variation

Broad-sense heritability estimates averaged over all traits

were similar for both population types (Table 3). Overall,

when all traits and all populations of a specific population

type (fishless or restoration) were pooled, there were no

significant differences among population types (ANOVA:

df = 1, F = 0.00, P = 0.97). In restoration populations,

the average level of genetic variation for body size (0.31)

and age at maturity (0.28) is higher than the average esti-

mates obtained for fishless populations (body size = 0.29;

age at maturity = 0.22). However, genetic variation for

offspring production appears to accrue slowly as the

average level of variation in restoration populations (0.06)

is lower than the average in fishless populations (0.13).

Discussion

Introduced species can cause severe demographic reduc-

tions in native populations which result in a loss of genetic

diversity. For a majority of species faced with a bottleneck

or local extinction, the primary avenues of reconstituting

genetic variation are mutation and migration. The first,

mutation, operates on exceedingly slow time scales and is

relatively unimportant when considering management

strategies to rapidly replenish variation in genetically

depauperate populations. Indeed, the regeneration of single

locus morphological or allozyme diversity can take in

excess of 105 generations (Lande and Barrowclough 1987).

Alternatively, recolonization and migration can rapidly

increase genetic diversity.

However, some species, specifically those that produce

dormant resting eggs, appear resilient to a bottleneck or

local extinction of the active population. Hatching from

diapausing propagules can result in rapid demographic

recovery once a selective threat is alleviated (Knapp et al.

2001b; Sarnelle and Knapp 2004; Mergeay et al. 2007). In

this study we examined the genetic status of two D. mel-

anica populations in the Sierra Nevada following the

experimental removal of nonnative fish to determine

whether the rapid demographic recovery of these popula-

tions, attributed to hatching from the local egg bank

(Sarnelle and Knapp 2004), also involved the rapid reac-

quisition of genetic diversity. Our data suggests that res-

toration populations rapidly acquired neutral and

quantitative genetic variation, and that the levels of varia-

tion we observed are qualitatively slightly lower than, or

comparable to, surrounding populations without a history

of fish introductions. Estimates of genetic diversity based

on nuclear markers in restoration populations sampled

immediately following fish removal and roughly 8 years

following fish removal are slightly depressed compared to

other local populations. Mitochondrial sequence diversity

is, on average, lower in restoration populations than in

fishless populations. However, there is a large amount of

variation in population-specific estimates of mitochondrial

sequence diversity within population groups, hence genetic

diversity appears broadly similar between population types.

Additionally, estimates of broad-sense heritability aver-

aged over three ecologically important traits in restoration

populations are not significantly different from fishless

populations. Taken together, these data demonstrate that

planktonic D. melanica populations extirpated by intro-

duced fish undergo rapid demographic recovery and that

concomitant with demographic recovery is the generation

of high levels of nuclear, mitochondrial, and quantitative

genetic diversity following the experimental removal of

fish.

These observations highlight the rapidity of reacquisi-

tion of genetic variation possible in natural populations,

and add to a small number of studies examining this pro-

cess. Similar to our alpine lake populations, where the

environmental factor directly contributing to planktonic

extirpation was removed, populations of dogwhelk locally

extirpated by tributyltin (TBT) pollution attained levels of

genetic diversity similar to unexposed populations within

10 years following a ban on TBT (Colson and Hughes

2004). The build up of genetic variation over longer time

spans has also been demonstrated. For example, two spe-

cies of mantis shrimp that became locally extinct following

the volcanic eruption on Krakatau in 1883 were able to

recolonize and regenerate levels of genetic diversity similar

to nearby undisturbed populations over a 100-year period

(Barber et al. 2002). The short-term reconstitution of ade-

quate standing quantitative genetic variation is particularly

relevant for populations experiencing rapid or continually

changing environments since the level of standing variation

Table 3 Heritabilities for ecologically relevant traits

Population Sm Cm Am Mean

Restoration

MAR05 0.38 (0.17) 0.12 (0.22) 0.25 (0.20) 0.25

SQU05 0.23 (0.19) 0.00 (0.21) 0.30 (0.19) 0.18

Fishless

SNO 0.36 (0.16) 0.03 (0.19) 0.38 (0.18) 0.26

SOU 0.21 (0.14) 0.23 (0.14) 0.05 (0.16) 0.16

Estimates of broad-sense heritability (SE) for body size at maturity

(Sm), first clutch size (Cm) and age at maturity (Am) and the popu-

lation average of the three estimates (mean)
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may be a key determinant of population persistence

(Gomulkiewicz and Holt 1995).

In Daphnia there are two sources of immigrants to

recolonize lakes in which a planktonic population has been

extirpated. Immigration can occur through dispersal of

diapausing eggs from neighboring populations, or via

hatching of diapausing eggs produced by the historical

resident population that reside in lake bottom sediments.

Daphnia populations are often characterized by high levels

of population subdivision with a low effective migration

rate, even at distances of a few kilometers (e.g., Lynch

et al. 1999). The low effective migration rate often

observed among established populations may reflect lim-

ited dispersal ability or it may be the result of selective

filtering and strong local adaptation in resident populations

(De Meester et al. 2002; Michels et al. 2003). The influence

of selective filtering and local adaptation to biotic and

abiotic factors can be seen in the high levels of population

subdivision observed in many lake dwelling species of

Daphnia despite evidence for high avian-mediated dis-

persal (Taylor et al. 1998) and high rates of colonization in

new habitats lacking a diapausing egg bank (Louette and

De Meester 2005). A second mechanism of recolonization

in Daphnia is hatching from the reservoir of diapausing

eggs produced previously by the extirpated planktonic

population. Local egg banks in Daphnia can lead to rapid

demographic recovery of bottlenecked or extirpated

planktonic populations (Sarnelle and Knapp 2004; Mer-

geay et al. 2007). Furthermore, hatching from egg banks

contributes to the maintenance of high levels of quantita-

tive genetic variation for adaptive traits (Pfrender and

Lynch 2000).

Our results that show relatively low levels of population

differentiation, particularly among populations located in

the Humphreys Basin where three fishless populations and

both restoration populations are located, stand in contrast to

previous results obtained for other groups of Daphnia

populations. These low levels of population differentiation

could simply be an artifact of the use of different metrics,

we use Dest while most other studies use Gst and its ana-

logs, or the low level of differentiation could reflect an

atypically high level of gene flow among populations.

Furthermore, the general lack of unique haplotype diversity

in the restoration populations (Square—33% unique;

Marmot—60% unique) could also be attributed to gene

flow among populations. No direct estimates of dispersal in

this lake system are available so we cannot ascertain the

relative effects of limited dispersal and filtering via strong

local adaptation on the level of population differentiation.

Therefore, it is not possible to unambiguously distinguish

the source of colonizing genotypes given these data, and it

appears likely that both migration and hatching from the

local egg bank have jointly determined the levels of genetic

diversity in the restoration lakes. Immigrants from neigh-

boring populations would tend to homogenize the restora-

tion populations relative to the surrounding populations,

consistent with our results of low population differentiation

and minimal unique mitochondrial diversity in the resto-

ration populations, while hatching from the egg bank

would tend to preserve locally-adapted genotypes.

The restoration populations involved in this study were

previously the subject of a study on the patterns of

demographic recovery (Sarnelle and Knapp 2004). Demo-

graphic recovery in these lakes was similar in that first

detection of individuals in both lakes occurred within

1 year of fish removal, and after 4 years the densities of D.

melanica were approximately 5,000 individuals/m3 in both

lakes. Combined with the results of this study it is clear that

following the experimental removal of fish, extirpated

planktonic populations of D. melanica are able to rapidly

recover demographically, and generate substantial standing

genetic diversity. Both of the restoration populations

showed a high level of genetic resilience and were equally

efficient at rapidly reconstituting molecular and quantita-

tive genetic variation. Despite the profound demographic

perturbation imposed by the introduction of a novel pred-

ator into this ecosystem these populations were able to

maintain substantial levels of genetic variation. Impor-

tantly, organisms with a diapausing egg (or seed) bank, and

with the capacity for asexual reproduction, may be resilient

to novel selective regimes and display a high potential to

re-establish genetic variation lost during demographic

collapse or local extirpation.
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