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Successful recovery and sustainability of threatened and exploited species depends in part on retention and

maintenance of genetic diversity. Theory indicates that genetic diversity is lost at a rate inversely proportional

to the genetically effective population size (Ne), which is roughly equal to one-half the adult census size (N )

in many organisms. However, Ne has been reported to be up to five orders of magnitude lower than N in

species with life histories that result in type III survivorship (high fecundity, but heavy mortality in early life

stages, e.g. bony fishes), prompting speculation that low values of Ne may be a general feature of such

organisms despite sometimes vast abundances. Here, we compared Ne and the ratio Ne/N across three

ecologically similar fish species from the arid southwestern United States, all with type III life histories but

with differing expectations of egg and larval survivorship that correlate with the degree of human-imposed

habitat fragmentation. Our study indicates that type III life history may be necessary, but this alone is

insufficient to account for extraordinarily low values of Ne/N. Rather, life history interacts with

environmentally imposed mortality to determine the rate and magnitude of change in genetic diversity in

these desert fish species.

Keywords: bottleneck; genetic diversity; fishing impacts; match-mismatch; type III survivorship;

habitat fragmentation
1. INTRODUCTION

Many ecosystems have been adversely affected by human

exploitation, which has resulted in alarming declines in

abundance of some species. Mortality from direct removal

of individuals (e.g. directed fishing), loss of suitable

habitat, and fragmentation of remaining habitat into

small and disconnected patches has direct demographic

consequences for populations, namely, that migration,

birth and death rates are altered. Sustained demographic

change in the short term implies genetic change in the long

term owing to the intimate connection of demographic

and genetic processes (Avise 2000). A major challenge to

conservation biology is to fully specify the linkage of

demographic and genetic change so that prospects for

species’ survival and the outcomes of management and

conservation plans can be accurately assessed.

Recent advances in theory (Caballero 1994; Wang &

Caballero 1999) and analytical tools (Pearse & Crandall

2004) have allowed increasingly sophisticated descrip-

tion of relationships between demographic and genetic

processes in different kinds of organisms. One approach

is to evaluate the ratio of genetically effective population
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size and census size owing to the explicit connection of

demographic and genetic processes represented in the

ratio (Nunney & Elam 1994; Frankham 1995). Effective

size (Ne) is arguably the most important population

parameter in evolutionary biology because it determines,

among other things, the rate at which the genetic

diversity is expected to be lost at each generation. The

adult census size (N) is a parameter of fundamental

interest in demographic studies. A key theoretical result

is that Ne/NZ0.5 over a broad range of mating systems

and life-history characteristics known to influence this

ratio (Nunney & Elam 1994) in an otherwise demo-

graphically stable and closed population. Mean empirical

estimates of Ne/N (based largely on observations from

birds and mammals) are around 0.1, but reach 0.5 after

correction for fluctuation of N (Frankham 1995;

Vucetich et al. 1997; but see Waples 2002a). Taken

together, these results imply that Ne can be viewed as a

relatively simple function of N and, more importantly,

that expected rates of genetic change in conserved and

managed populations can be predicted by having an

accurate estimate of N.

There are a number of species where estimated Ne/N is

several orders of magnitude lower than expectation and

the discrepancy cannot be accounted for by fluctuations of

N (Hedgecock 1994; Hauser et al. 2002; Turner et al.

2002; Hutchinson et al. 2003, but see Poulsen et al. 2006).

The apparent disconnection between demographic and

genetic processes usually involve species characterized by

enormous fecundity but low parental investment per
This journal is q 2006 The Royal Society
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Figure 1. Geographic sampling areas of three cyprinid fish species and water diversion dams (indicated by dark horizontal lines)
in the Rio Grande and Pecos River, New Mexico.
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offspring, and consequently high mortality in early life

stages (termed type III survivorship). It has been proposed

that such life histories (termed herein as ‘type III life

histories’) could result in extremely high variance in

reproductive success among individuals, especially when

propagules are passively distributed into a heterogeneous

environment (Hedgecock 1994). In this scenario, termed

‘sweepstakes’ or ‘match–mismatch’ recruitment (Hedge-

cock 1994; Flowers et al. 2002), very few breeding pairs

contribute the majority of offspring to the next generation,

resulting in lowered Ne but with little effect on N because

each successful breeder can potentially contribute large

numbers of offspring.

Are values of Ne/N/0.5 generally expected in

organisms with type III survivorship? Alternatively, are
Proc. R. Soc. B
Ne/N values close to those predicted by theory when

sweepstakes recruitment is not obviously acting in an

otherwise type III species? To address these questions,

we compared Ne and Ne/N across three ecologically

similar fish species in a river system in the southwestern

United States, all with life histories that could result in

type III survivorship, but with differing expectations of

egg and larval survivorship that correlate with the

degree of human-imposed habitat fragmentation. Our

results indicate that type III survivorship may be

necessary, but this alone is insufficient to account for

extraordinarily low values of Ne/N. Rather, type III life

history and environmentally imposed early mortality

interact to determine the rate and magnitude of change

in genetic diversity.



Table 1. Life history and ecological attributes of the study species in the middle Rio Grande from unpublished and published
sources (Sublette et al. 1990; Taylor & Miller 1990).

species

maximum
body length
(mm)

generation
time, G
(years)

life span
(years)

age at
maturity
(years) distribution river course

egg/larval
dispersal

Hybognathus amarus 90 1.22 2 1 Rio Grande fragmented pelagic
Hybognathus placitus 95 1.35 3 1 Pecos River unfragmented pelagic
Platygobio gracilis 150 2.37 4 2 Rio Grande fragmented sessile
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2. MATERIAL AND METHODS
(a) Study site

This study was conducted in the Rio Grande and its major

tributary, the Pecos River (figure 1). Together, these rivers

support the overwhelming majority of the human population

in New Mexico and, not surprisingly, their flows are regulated

by dams designed to control flood and to store and extract

water for cities and agriculture. Climatic conditions are arid

and annual precipitation (less than 25 cm) does not differ

significantly between basins (t-test performed on data

available at http://waterdata.usgs.gov). River discharge is

largely determined by spring snowmelt and summer mon-

soon rains. Extensive drying and intermittent flows are

common in both basins, especially during drought cycles

driven in part by El Niño and Pacific Decadal climatic

oscillations (Sheppard et al. 2002). A 280 km river reach of

the Rio Grande was sampled for fishes (details of sampling

localities are provided in Moyer et al. (2005) and Osborne

et al. (2005)). This reach, known as the middle Rio Grande, is

fragmented by five dams (figure 1) that are impassable to

fishes moving upstream, but not downstream. An unfrag-

mented, but otherwise similar 332 km reach was sampled in

the Pecos River (figure 1).

Ichthyofaunal composition of the Rio Grande and Pecos

River, like other major rivers in the southwestern United

States, is dominated by members of the freshwater family

Cyprinidae (Sublette et al. 1990). Our study focused on

three ecologically similar cyprinid fish species: the federally

endangered and endemic Rio Grande silvery minnow,

Hybognathus amarus; its congener, the plains minnow,

Hybognathus placitus; and a closely related and co-occurring

minnow, the flathead chub, Platygobio gracilis. All three

species are short-lived, small-bodied, have very high

fecundity, produce small eggs (approx. 1 mm diameter)

and poorly developed offspring at hatching (table 1). There

is no obvious sexual dimorphism in these species and sex

ratios do not deviate from 1 : 1 (S. P. Platania 2005, personal

communication; Taylor & Miller 1990; T. F. Turner 2005,

unpublished data).

Despite overall ecological similarity, these species differ

in key early life-history traits. Hybognathus sp. are

characterized by pelagic early life history, i.e. eggs and

larvae are semi-buoyant and drift passively downstream

with river currents (Platania & Altenbach 1998). Platygobio

gracilis produces ‘sticky’ eggs that sink and attach to the

substrate, and larvae do not appear to drift long distances

in the Rio Grande. Species were chosen to provide two

contrasts: (i) among species with pelagic early life history

in fragmented versus unfragmented river environments

(H. amarus versus H. placitus); and (ii) among species

co-inhabiting a fragmented environment but with pelagic

versus sessile early life history (H. amarus versus P. gracilis).
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(b) Molecular work

We collected whole fishes or fin clip samples for genetic

analysis from 1999 to 2003 (table 2). Representative samples

were screened for genetic variation at eight microsatellite loci:

CA6 (Dimsoski et al. 2000), Lco3, Lco4, Lco5, Lco6, Lco7

(Turner et al. 2004), Ppro118 and Ppro126 (Bessert & Ortı́

2003). Based on initial screening, four loci were chosen for

each species that were consistently scorable and reproducible

over multiple assays. Individual variation was also charac-

terized at an approximately 295 base pair fragment of the

protein-encoding mitochondrial (mt)DNA–ND4 locus.

Microsatellite and mtDNA loci were amplified via poly-

merase chain reaction following previously published proto-

cols (Bessert & Ortı́ 2003; Alò & Turner 2005; Moyer et al.

2005). Microsatellite genotypes were characterized with an

automated sequencer (ABI 377, Applied Bioscience)

equipped with GENESCAN software (Applied Bioscience).

Haplotypic variation in the mtDNA–ND4 fragment was

determined by single-stranded conformational poly-

morphism (SSCP) analysis (Sunnucks et al. 2000). Haplo-

type scores from SSCP were verified by direct nucleotide

sequencing of a representative subset of individual DNA

samples (approx. 25%).
(c) Statistical analysis

Microsatellite allele and genotype frequencies, expected

heterozygosities (HeGs.d.), and other summary statistics

were tabulated with the MICROSATELLITE TOOLKIT v. 3.1 (add-

in for MICROSOFT EXCEL, written by S. Park, available at

http://oscar.gen.tcd.ie/wsdepark/ms-toolkit/). For mtDNA,

gene diversities (hGs.d.; Nei 1987) and haplotypic richness

were calculated with FSTAT v. 2.9.3 (Goudet 1995). Each

sample was tested for departure from Hardy–Weinberg (HW)

equilibrium expectations by comparing observed inbreeding

coefficients (FIS) to a distribution of 1000 bootstrap

replicates, and linkage disequilibrium was tested across all

pairs of loci with FSTAT. In cases where significant deviation

from HW equilibrium was detected, we used the program

MICROCHECKER v. 2.2.3 (Van Oosterhout et al. 2004) to

evaluate the probable cause of deviation (e.g. null alleles, mis-

scoring owing to stuttering, etc.). Population substructure

was examined with microsatellite data by computing FST

(Weir & Cockerham 1984) among sampling localities

where nO20.

Variance genetic effective size (Ne) and 95% confidence

intervals (CIs) were estimated from temporal changes in

microsatellite allele frequencies across year classes using the

so-called temporal method (Nei & Tajima 1981; Waples

1989; Jorde & Ryman 1995) and a pseudo-maximum-

likelihood procedure implemented in the program MLNE

v. 2.3 (Wang 2001). For mtDNA data (analysed separately),

variance effective size for the female portion of the population

http://waterdata.usgs.gov
http://oscar.gen.tcd.ie/~sdepark/ms-toolkit/


Table 2. Measures of genetic variability at microsatellite and mtDNA loci. (n, number of individuals sampled; FIS, Inbreeding
coefficient; He, unbiased Hardy–Weinberg expected heterozygosity; Na, allelic richness adjusted to the smallest sample size in the
comparison; h, Nei’s gene diversity; Ni, estimate of yearly adult census numbers. Raw microsatellite and mtDNA data are
provided in the electronic supplementary material. *FIS is significantly different from zero.)

Hybognathus amarus Hybognathus placitus Platygobio gracilis

locus 1999 2000 2001 2002 2003 1999 2002 2003 2001 2002

CA6 n 33 187 121 387 168 99 140 157 — —
FIS 0.31 K0.05 0.06 0.10� K0.09 0.05 K0.09 K0.03 — —
He 0.75 0.65 0.71 0.79 0.78 0.87 0.88 0.88 — —
Na 8.00 6.94 7.45 10.23 8.32 7.00 9.82 10.06 — —

Lco3 n 44 194 126 374 169 99 139 161 — —
FIS K0.01 K0.02 0.11 K0.02 K0.07 0.02 K0.03 K0.01 — —
He 0.79 0.75 0.70 0.78 0.79 0.80 0.81 0.79 — —
Na 7.50 7.61 8.16 9.43 8.09 7.00 8.30 8.07 — —

Lco4 n — — — — — — — — 73 144
FIS — — — — — — — — 0.39� 0.37�

He — — — — — — — — 0.52 0.46
Na — — — — — — — — 4.74 4.16

Lco5 n — — — — — — — — 72 142
FIS — — — — — — — — K0.02 0.00
He — — — — — — — — 0.82 0.81
Na — — — — — — — — 11.63 10.64

Lco6 n 41 193 127 362 165 99 141 156 — —
FIS 0.14 0.06 0.04 0.26� 0.10 0.02 0.21� 0.15� — —
He 0.71 0.67 0.70 0.62 0.54 0.72 0.71 0.72 — —
Na 9.38 10.06 9.84 9.69 8.54 7.00 7.31 7.34 — —

Lco7 n 39 192 126 382 166 98 141 160 — —
FIS 0.11 0.10� 0.13� 0.35� 0.10 0.01 0.14� 0.13� — —
He 0.78 0.84 0.80 0.81 0.79 0.87 0.88 0.88 — —
Na 6.69 10.39 9.11 10.08 9.78 13.97 14.18 15.69 — —

Ppro118 n — — — — — — — — 71 138
FIS — — — — — — — — 0.051 0.036
He — — — — — — — — 0.89 0.92
Na — — — — — — — — 19.2 21.0

Ppro126 n — — — — — — — — 64 135
FIS — — — — — — — — K0.15 K0.13
He — — — — — — — — 0.68 0.77
Na — — — — — — — — 8.00 8.00

ND4 n 34 130 99 377 168 66 145 148 73 141
h 0.69 0.41 0.65 0.64 0.53 0.80 0.71 0.75 0.74 0.74
Na 6.00 5.57 7.10 5.76 6.95 23.00 21.71 22.94 5.75 5.84

Ni 7.3!105 3.4!105 3.7!104 1.8!105 3.0!104 1.7!105 3.3!105 3.5!105 3.0!104 1.2!104
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(Nef) was estimated with the temporal method and MLNE.

Sampling localities were pooled by year class prior to analysis.

We assumed that genetic sampling did not change the

available pool of reproductive individuals and that migration

from outside the study area did not affect estimates of Ne.

Upstream migration is negligible because fish movement is

precluded by dams and these species are rarely taken

upstream of the study area.

Estimates of Ne from the temporal method and MLNE

were corrected for effects of overlapping generations using

equations in Jorde & Ryman (1995) and life table data

obtained separately (see electronic supplementary material)

to estimate a correction factor C and the generation time

G. The model accounts for effects of genetic drift as a cohort

passes from one age class to the next and for genetic

contributions of parents from multiple age classes to progeny

in a stationary (non-growing) population. For temporal-

method estimation, we substituted the quantities C, G and
�F 0

(average standardized variance of allele frequencies,
Proc. R. Soc. B
corrected for sampling variance) into eqn 4 in Jorde &

Ryman (1996) and solved to yield Ne. This equation was

modified for estimation of Nef following Turner et al. (1999).

Estimates of Ne from MLNE were multiplied by the ratio C/G

to correct for overlapping generations.

Temporal-method estimates of Ne and Nef were calculated

from F 0 values obtained from temporally adjacent pairs of

cohorts for all species (Jorde & Ryman 1996). MLNE

estimates were based on temporally adjacent cohorts except

we included the 1999 H. placitus sample in estimation.

Hybognathus sp. have essentially non-overlapping gener-

ations; consequently, corrected and uncorrected estimates

of Ne do not differ appreciably under any method of

estimation.

For each year that genetic data were collected, adult

census size in the ith year (Ni) was estimated from data

obtained from population monitoring studies in the Rio

Grande and Pecos River (data available from the Division of

Fishes, Museum of Southwestern Biology). Raw data were
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the number of fish captured per area sampled at up to

20 population-monitoring sites in each river, taken in the two

months preceding reproduction. The total number of

individuals (Nitotal) was estimated as the product of mean

density (calculated across all samples), river reach length and

meanZK1 s.d. river channel width to account for unusually

low flows during the study (for additional discussion see

appendix in Alò & Turner (2005). For Hybognathus sp.,

NitotalzNi because nearly all individuals sampled were

reproductively capable adults. Platygobio gracilis lives longer

and matures later than Hybognathus, so Nitotal was multiplied

by 0.17, the expected fraction of reproductive adults in the

sample, to obtain Ni (see electronic supplementary material).

The expected fraction of reproductive adults was determined

by first evaluating size (and age) at first reproduction for

Platygobio in the Rio Grande, and then determining the mean

fraction of individuals that equalled or exceeded this size in

three datasets: two from the study area in the Rio Grande

(sample year 1993, nZ253, fraction of reproductive adultsZ
0.23; sample years 1999, 2002 and 2003, nZ316, fraction of

reproductive adultsZ0.15), and one from upper Missouri

and Yellowstone Rivers in North Dakota (nZ1254, fraction

of reproductive adultsZ0.14; Welker & Scarnecchia 2004).

The ratio Ne/N was computed by dividing the estimate of

Ne by arithmetic and harmonic mean Ni for each species.

Annual adult census sizes for P. gracilis and H. placitus were

relatively stable across sample years. For H. amarus, Ni

declined by an order of magnitude, but was not less than 104

individuals over the study period.
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Figure 2. Gene diversities for microsatellites (He) and
mtDNA haplotypes (h) (bars represent Gs.d.) for each
study species plotted by year class.
3. RESULTS
Gene diversities at microsatellite loci (measured as He)

were nearly constant over the study period for P. gracilis

and H. placitus. Similarly, diversity at the mtDNA–ND4

locus (measured as h) was constant for P. gracilis and

fluctuated slightly for H. placitus (figure 2). In contrast, He

declined in H. amarus over the study period (HeZ0.81 in

1999, HeZ0.75 in 2003; figure 2). Gene diversity at the

mtDNA–ND4 locus declined substantially (hZ0.69 in

1999, hZ0.53 in 2003) over the study period in this

species (figure 2).

Deviations from HW equilibrium were detected in 11

(5, H. amarus; 4, H. placitus; and 2, P. gracilis) out of 40

tests after Bonferroni correction with nominal aZ0.05.

All deviations resulted from heterozygote deficiencies as

indicated by significantly positive FIS values (table 2). Post

hoc analysis with MICROCHECKER indicated that null alleles

were the probable cause of deviation from HW equili-

brium in all cases. There was no evidence of linkage

disequilibrium among microsatellite loci for any species.

Significant spatial genetic structure was not detected in

any of the following species: H. amarus (FSTZK0.0025 ns;

based on four geographically distinct localities sampled in

2000), H. placitus (FSTZK0.001 ns; four localities, 2002)

and P. gracilis (FSTZ0.000 ns; four localities, 2002). Values

of FST near zero are consistent with high gene flow among

sampling localities for all species.

The magnitude of temporal shifts of microsatellite

allele frequencies differed among species as reflected in

values of Ne. After correction for overlapping generations,

point estimates of variance effective size from the temporal

method and MLNE were consistent and indicated that

H. amarus Ne/P. gracilis Ne/H. placitus Ne (table 3).
Proc. R. Soc. B
For H. placitus, the estimate of Ne can be considered to be

very large that it is indistinguishable from an effectively

infinite population, given the molecular markers and

sample sizes obtained (Waples 1989). The estimated

value of Nef based on temporal-method and MLNE

analyses of mtDNA–ND4 haplotype frequencies revealed

a pattern similar to microsatellites, namely H. amarus

Nef!P. gracilis Nef/H. placitus Nef (table 3). In general,

Nef was estimated with lower precision than Ne

(as revealed by broader 95% CIs; figure 3) because the

estimate is based on a single locus with fewer independent

alleles than microsatellites (Waples 1989).

We evaluated potential effects on our estimates of Ne

by adjusting allele frequencies under the assumption

that one or more null alleles were present (algorithm of

Van Oosterhaut et al. 2004), and then reanalysing

adjusted frequency data. We obtained the following

values from temporal-method estimation: H. amarus

frequency-adjusted NeZ75 (95% CIs: 34, 204),

P. gracilis frequency-adjusted NeZ989 (184, N) and

H. placitus frequency-adjusted NeZN (257, N). For



Table 3. Arithmetic mean adult census size ( �Ni), harmonic mean adult census size ( ~Ni), correction factors for overlapping
generations (C), mean generation time (G), temporal-method estimates of Ne and Nef (following Jorde & Ryman 1996,
indicated as J & R), pseudo-maximum-likelihood estimates of Ne and Nef (following Wang 2001, indicated as MLNE) and ratios
of Ne/N for each study species. (Values of C and G were determined by using methods in Jorde & Ryman (1995, 1996) and static
life tables for each species from the electronic supplementary material.)

species

estimate Hybognathus amarus Hybognathus placitus Platygobio gracilis

�Ni 2.6!105 2.8!105 2.1!104

~Ni 7.1!104 2.5!105 1.7!104

C 1.55 2.10 7.10
G 1.22 1.35 2.37
J & R-Ne

(G95% CIs)
90
(34, 186)

O50 000
(177, N)

812
(171, N)

J & R-Nef

(G95% CIs)
28
(5, 108)

O50 000
(3827, N)

190
(23, N)

MLNE-Ne

(G95% CIs)
277
(226, 353)

O50 000
(3522, N)

5395
(481, N)

MLNE-Nef

(G95% CIs
202
(111, 544)

O50 000
(330, N)

356
(69, N)

J & R-Ne/ �Ni 0.0003 O0.179 0.039

J & R-Ne/ ~Ni
0.001 O0.200 0.048

MLNE-Ne/ �Ni 0.001 O0.179 0.260

MLNE-Ne/ ~Ni 0.004 O0.200 0.317
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Figure 3. Range (shaded box) of adult census size for each
year class (Ni), arithmetic mean NiZN (midline of shaded
box), variance effective size (Ne)G95% CIs, and variance
female effective size (Nef)G95% CIs estimated from MLNE
for three cyprinid fish species. Upward arrow indicates
estimates of Ne or Nef that exceed 50 000 and/or an upper
95% CIs that are infinitely large.
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MLNE, we obtained H. amarus frequency-adjusted

NeZ249 (193, 334), P. gracilis frequency-adjusted

NeZ5119 (164, N) and H. placitus frequency-adjusted

NeO50 000 (2257, N).

Arithmetic mean adult numbers (N ) were estimated to

be roughly 104 for P. gracilis and an order of magnitude

larger for Hybognathus sp. (table 3; figure 3). Estimated

Ne/N was greater than or equal to approximately 0.04 for

H. placitus and P. gracilis, but estimated Ne/N was less than

0.005 for H. amarus (table 3; figure 3) under all conditions

we evaluated.
4. DISCUSSION
There are a number of ways to estimate and interpret Ne,

but in this study it represents the present-day variance

effective population size, i.e. the number of ideal breeding

individuals in each generation that would produce the
Proc. R. Soc. B
observed temporal shift in allele frequencies over the study

period. The term ‘ideal’ refers to conditions of the

Wright–Fisher idealized population, which include

1 : 1 sex ratio, panmixia, discrete generations, Poisson-

distributed variance in reproductive success among

breeding individuals and stable N (Caballero 1994;

Wang & Caballero 1999). We interpreted the ratio Ne/N

to represent the cumulative reduction of Ne over the study

period attributable to variance in reproductive success in

excess of Poisson variance. This is because our study

species either met other ideal conditions (e.g. equal sex

ratio, no appreciable population structure) or we explicitly

incorporated effects of violations of other ideal conditions

(e.g. correction of Ne for overlapping generations in all

species; see electronic supplementary material) into the

estimate of Ne/N (e.g. Rowe & Beebee 2004).

Of three species examined, onlyH. amarus exhibitsNe/N

that is substantially lower than expectation. This species

exhibits type III survivorship, pelagic early life history, and

occurs in a highly fragmented river reach. Genetic and

ecological data obtained for drifting eggs (Dudley 2004;

Osborne et al. 2005) and breeding adults (Alò & Turner

2005) are consistent with the idea that reproductive output

from most breeding pairs is lost from mortalityor emigration

as eggs and larvae are transported downstream through

dams, resulting in high variance in reproductive success and

lowNe/N. Even if larvae survive entrainment, mortality from

desiccation occurs because the reach downstream of San

Acacia dam (figure 1) is subject to substantial drying most

summers. Drifting eggs maintain genetic ‘cohesion’ as they

drift downstream (Osborne et al. 2005), which results in

differential (i.e. family correlated) mortality and enhances

variance in reproductive success (Waples 2002b). The

probability of egg retention in the natal river reach is

probably related to the distance to the nearest downstream

dam and the magnitude of river flows where spawning

occurred (Dudley 2004).
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Extraordinarily low Ne/N was not observed for

H. placitus, a species with nearly identical life history and

ecology to H. amarus. This species occupies an unfrag-

mented portion of the Pecos River. Our results suggest

that differential loss of reproductive output may not occur

in the Pecos River to the extent it occurs on the Rio

Grande. Consequently, it appears that variance in

reproductive success is greatly reduced despite type III

survivorship and pelagic early life history.

River fragmentation and type III life history cannot

completely account for low values of Ne/N. Platygobio

gracilis co-occurs with H. amarus, has similar N, but

exhibits 10-fold greater Ne. This contrast suggests that

sessile early life history diminishes the effect of river

fragmentation on variance in reproductive success in

P. gracilis by limiting downstream transport of reproduc-

tive output. Taken together, these contrasts indicate that

an interaction of type III survivorship, pelagic life history,

and a mechanism that results in heavy but differential

mortality (in this case habitat fragmentation) is required to

generate very low values of Ne/N. This is not to say that

fragmentation does not affect Platygobio, but that the

expected rate of decline in genetic diversity is lower in

P. gracilis than in H. amarus. The estimate of Nef from

MLNE was eightfold lower than expected (based on an

expectation of 0.5Ne) for P. gracilis, and may reflect higher

variance of reproductive success in females compared to

males over the study period. However, mtDNA sampled

over a longer (but non-sequential) time-series indicated

that NefO50 000 for this species.

Low variance Ne translates to a higher rate of loss of

genetic diversity in H. amarus than in other species over

the study period. In the case of mtDNA, genetic diversity

(h) in 2003 was substantially lower than in 1999.

However, it is possible that management practices

implemented over the study influenced our results.

Beginning in 2002, a large-scale captive rearing and

population supplementation program was initiated by the

US Fish and Wildlife Service. In this program, fertilized

eggs are recovered from the Rio Grande as they drift

downstream, reared to adulthood in hatcheries, and then

repatriated as adults prior to spawning the next year. The

estimate of Ne measured prior to hatchery supple-

mentation (between 1999 and 2001) was roughly 80

(based on seven microsatellite loci; Alò & Turner 2005)

and 95% CIs overlap the present estimate, suggesting that

population supplementation did not strongly affect

estimates of Ne in this study. In contrast to H. amarus,

genetic diversity measures for H. placitus or P. gracilis were

relatively unchanged over the study period.

The ratio Ne/N, as estimated and defined in this study,

has potentially important applications in formulation of

species management and conservation plans, and it is

beginning to be used in risk assessment of commercially

exploited species (Dulvy et al. 2004; Hutchings &

Reynolds 2004). The approach has some distinct advan-

tages. For example, variance Ne estimated from temporal

shifts of allele frequencies is insensitive to historical

population conditions (i.e. past population bottlenecks)

and largely reflects current population dynamics of the

focal species (Husband & Barrett 1992). Human-

mediated disturbance usually happens in ecological, not

evolutionary, time—although genetic consequences

persist in evolutionary time—and so the temporal method
Proc. R. Soc. B
permits evaluation of species’ response at relevant time-

scales. The ratio is especially useful for comparative

studies (e.g. fished versus unfished populations; Hauser

et al. 2002) because effects attributable to species-specific

idiosyncrasies of population history are negligible.

Some concerns remain regarding the estimation of

Ne/N. First, there are potential technical errors due to

mis-scoring and often the presence of null alleles in

molecular datasets, especially microsatellites. Significant

deviations from HW equilibrium were evident for all three

species in this study, and null alleles were probably present

in all loci that deviated significantly from HWequilibrium.

Analysis of adjusted allele frequencies (in MICROCHECKER)

yielded similar estimates of Ne, and thus we concluded

that comparative results are robust to the presence of null

alleles. A second concern is that there is potential for bias

in sampling of study individuals. If samples are not

random, then temporal-method analysis is expected to

produce biased estimates of Ne and Ne/N. In our study,

sampling was done in nearly identical fashion across

species. Adult (but not early) life histories and ecologies

are also very similar among species. If bias owing to non-

random sampling is present, then it may act in similar

fashion across species in the comparison. However, if

we had sampled at an earlier life stage (e.g. eggs or larvae)

for genetic analysis, bias may have differentially affected

our estimates which would make comparisons among

species more problematic. Any comparative study of

this kind is subject to unknown ecological differences

among study taxa which could affect sampling and bias

results (Waples 2002a).

There are also some theoretical complications in

relating Ne to N in species with overlapping generations.

For example, Jorde & Ryman’s (1995) approach assumes

constant population size each year, but in our study there

is some fluctuation in yearly estimates of census size. In

addition, estimation methods for Ne differ between the

temporal method and MLNE, where the latter method

was designed for discrete generations (Wang 2001).

Hybognathus sp. are characterized by nearly discrete

generations (i.e. C/Gz1), but P. gracilis has overlapping

generations. We opted to estimate Ne for all species

with both analytical methods, and used arithmetic and

harmonic mean adult census sizes in estimation of Ne/N

(cf. Kalinowski & Waples 2002; Waples 2005). The

general pattern that emerges among species is the same

regardless of the estimation approach, but actual estimates

of Ne/N differ between methods, especially for P. gracilis.

Thus, point estimates of Ne/N should be viewed as rough

approximations, especially in light of substantial uncer-

tainty in estimation of Ne and N.

It would be very useful to develop a general rule of

thumb regarding the values that Ne/N is expected to take

in species with type III survivorship, especially for species

like commercially exploited marine fishes where estimates

of N from commercial catches are often more readily

available than estimates of Ne. Our results suggest

that Ne/N is expected to be very small only when some

extrinsic mechanism (e.g. overfishing (Hauser et al. 2002;

Hutchinson et al. 2003), variance in productivity among

habitats (Turner et al. 2002), and/or habitat-induced early

mortality (this study)) enhances variance in reproductive

success among individuals. When such conditions are not

present, values of Ne/N appear to be similar to empirically
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derived values obtained for mammals, birds and other

organisms that lack life histories that promote type III

survivorship.
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