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ABSTRACT

Delta Smelt have collapsed demographically, but little 
is known about their current genetic status. We used 
12 microsatellite loci to evaluate two measures of the 
effective population size (Ne) of Delta Smelt. Ne is a 
measure that offers predictive power regarding the 
loss of genetic diversity in a population over time, 
as well as the short and long-term genetic risks for 
loss of fitness resulting from low diversity. We found 
that the Ne of Delta Smelt is too high to accurately 
estimate with the data (upper 95% confidence 
intervals were infinity), but the lower confidence 
intervals of NeLD (linkage disequilibrium Ne) were 
above 1,000, while some of the lower confidence 
intervals of NeV (variance Ne) were below 1,000. We 
interpret this to indicate that Delta Smelt are not 
declining because of genetic factors, and are not at 
immediate risk of losing genetic diversity from low 
Ne. We caution that these estimates are from a short-
term data set estimated from a population that has 
already been declining for decades, and that it is 

likely that Delta Smelt have lost diversity. We suggest 
continuing efforts to maximize abundance to prevent 
further loss of genetic diversity. 
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INTRODUCTION

It is widely recognized that preventing loss of genetic 
diversity is critical for long-term persistence of a 
population (e.g., Frankham 2005). Natural selection 
acts on standing genetic diversity in a population, 
allowing adaptation to a changing environment. 
Small populations and populations experiencing 
demographic collapse or decline are subject to loss 
of genetic diversity through the processes of genetic 
drift and inbreeding. Populations that have lost 
genetic diversity may have also lost evolutionary 
potential, increasing extinction risk. Indeed, there is a 
link between reduced genetic diversity and extinction 
risk (Frankham 1995; Spielman et al. 2004). A 
measure frequently used to assess the level of risk 
a population is experiencing from genetic concerns 
is effective population size (Ne), which offers 
predictive power regarding loss of genetic diversity 
in a population over time (Crow and Kimura 1970). 
Thus, Ne is a valuable measure for managers trying 
to maintain evolutionary potential by preventing 
loss of genetic diversity. Below, we provide a 
brief description of Ne, its assumptions, how it is 
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measured, and how estimating Ne can be applied to 
the case of the endangered Delta Smelt (Hypomesus 
transpacificus). Our description of Ne is not meant 
to be definitive or exhaustive — there is extensive 
literature and several comprehensive reviews of Ne. 
Readers may utilize those resources for a deeper 
understanding (e.g., Leberg 2005; Luikart et al. 2010; 
Palstra and Fraser 2012).

Effective Population Size

At its most basic, Ne can be defined as the number of 
individuals in an ideal population (non-overlapping 
generations, random mating, and no migration, 
mutation, or selection) that has the same rate 
of genetic drift acting on it as the population in 
question. There are two basic methods for using 
genotype data to estimate Ne: temporal methods and 
single-sample methods. Temporal methods use the 
mathematical relationship between Ne and genetic 
drift to estimate Ne (Kimura and Crow 1963; Nei 
and Tajima 1981; Lande and Barrowclough 1987; 
Crow and Denniston 1988; Waples 1989; Wang 
2001; Anderson 2005), and require a population to 
be sampled twice, ideally with several intervening 
generations. Temporal methods estimate the variance 
in effective population size (NeV) of the population 
during the intervening generations between the 
two sample points (see Waples 1989 and citations 
therein). 

Because it is often difficult to sample a 
population twice, researchers developed single-
sample Ne estimators (Nomura 2008; Tallmon et 
al. 2008; Waples and Do 2008; Pudovkin et 
al. 2009; Wang 2009). The most common single-
sample Ne estimator is the linkage disequilibrium 
(LD) estimator, which uses non-random correlations 
between allele frequencies to estimate Ne (hereafter 
NeLD; see Waples 2005 for a detailed explanation of 
the LD method). Of note is that NeLD is estimating 
the effective number of breeders (Neb) of the parents 
of the individuals that were sampled, somewhat like 
the NeV measured when the two samples are parents 
and offspring. In other words, if a single-sample 
method is used to estimate the NeLD of Delta Smelt 
born in 2015, it is measuring the Neb of the parents 
of the 2015 cohort, not the NeLD of the 2015 cohort 
itself (Waples 2005). When populations are large and 

stable, NeLD and NeV may not differ much. However, 
when a population rapidly declines, NeV is likely to 
be reduced more quickly than NeLD because of the 
influences of variance in reproductive success (Crow 
and Morten 1955). Conversely, after a population 
recovers, NeV is likely to recover more quickly than 
NeLD (Kimura and Crow 1963). When possible, it is 
recommended that both methods be used. 

Delta Smelt

The Delta Smelt (Hypomesus transpacificus) is an 
excellent candidate for Ne estimation for assessing 
long-term genetic risk, because of its annual life 
cycle and its weak-to-nonexistent population 
structure. The species is endemic to the San Francisco 
Estuary (estuary) and lies at the heart of the political 
conflict that surrounds water deliveries in California. 
In response to the dramatic decline of Delta Smelt in 
the 1980s (Sommer et al. 2007; Thomson et al. 2010), 
abundant research has been devoted to understanding 
this decline (e.g., Bennett 2005; Nobriga and Herbold 
2009; Sommer and Mejia 2013; Sommer et al. 2007). 
Primary factors in the decline are anthropogenic: 
habitat alteration resulting from urbanization, water 
diversions, contaminants, invasive species, and 
engineering of the Delta for water deliveries (Nichols 
et al. 1986; Moyle 2008). Information regarding 
the status of Delta Smelt is not only important for 
managers trying to make appropriate decisions about 
how to protect Delta Smelt, but is also politically 
valuable because it can drive decisions about water 
deliveries. There are no Delta Smelt Ne estimates 
taken from before the decline observed in the 1980s, 
but Fisch et al. (2011) found that all estimates of 
NeLD from every other year between 2003 and 2009 
were at or above 969. A re-estimation of Ne and 
bottleneck detection in Delta Smelt is warranted 
based on the long-term decline and the more recent 
very low abundance indices of Delta Smelt (see 
Figure 1 for abundance indices reproduced from 
IEP MAST 2015), as well as the historic 4-year 
drought in California. The objective of this study is 
to conduct these analyses on samples from 2011 to 
2014 to determine if the low Delta Smelt abundance 
indices are correlated with detectable genetic effects.
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MATERIALS AND METHODS

Sample Collection

Between 2011 and 2015, California Department of 
Fish and Wildlife (CDFW) personnel captured Delta 
Smelt from the following surveys: Interagency 
Ecological Program (IEP) Summer Townet, Fall 
Midwater Trawl, Spring Kodiak Trawl, and gear 
efficiency studies (midwater trawls, Kodiak trawls, 
townets). These samples were transported to UC 
Davis and frozen whole in liquid nitrogen. Frozen 
samples were thawed for an unrelated study, and 
fins were clipped and placed in 100% ethanol. The 
UC Davis Fish Conservation and Culture Laboratory 
(FCCL) personnel collected additional fin clips (placed 
directly in 100% ethanol) from Delta Smelt captured 
for the FCCL broodstock. Samples were divided into 
year classes for analysis using size of individual at 
sampling and date of capture. Numbers for each year 
class ranged from 421 to 995 individual Delta Smelt 
(Table 1). 

DNA Extraction and Microsatellite Genotyping

DNA was extracted and isolated from each Delta 
Smelt fin clip using the DNEasy extraction kit 
(Qiagen) following the manufacturer’s protocol. 
We collected genotype data on each individual 
Delta Smelt at 12 microsatellite loci from Fisch 
et al. (2009; Appendix A). Polymerase Chain 
Reaction (PCR) protocols followed Fisch et al. 
(2009) Pooled PCR product (1.0 µl) was added to 
9.0 µl of highly deionized formamide and 0.2 µl 
of Liz 600. We conducted tragment analysis on an 
Applied Biosystems (ABI) 3730xl Genetic Analyzer. 
Two people independently scored individual raw 
microsatellite genotypes using Geneious v8 software 
(Kearse et al. 2012). They reconciled all observed 
discrepancies before the final data export. They 
identified and removed duplicate genotypes, but 
retained individuals with genotypes composed of a 
minimum of 10 loci (83%) for genetic analysis.
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Figure 1  Abundance indices for Delta Smelt. Source: IEP MAST (2015).
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Genetic Diversity

MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004) 
was used to check the genotypic data for errors 
in scoring and identify possible null alleles or 
stuttering indicated by an excess of heterozygotes. 
Delta Smelt from each of the four cohorts (2011 to 
2014) were analyzed to assess population genetic 
diversity. Each year was treated as a sample, for 
a total of four samples. We used GENEPOP 4.2 
(Raymond and Rousset 1995) to test for departures 
from Hardy–Weinberg equilibrium (HWE) and to 
identify LD between microsatellite loci. For LD, we 
applied a sequential Bonferroni correction (α = 0.05) 
to correct for the increased likelihood of obtaining 
false positives with multiple tests. Using GenAlEx 6.5 
(Peakall and Smouse 2006, 2012), we calculated the 
expected heterozygosity (He), observed heterozygosity 
(Ho), average number of alleles across loci (NA), 
number of private alleles (Np), and allelic frequencies. 
We used the software HP-RARE (Kalinowski 2005) 
to determine allelic richness (Ar) and private allelic 
richness (Ap) — genetic diversity measures which use 
rarefaction to correct for the increased likelihood 
of detecting rare alleles with larger sample sizes 
(Kalinowski 2004). To calculate Ar and Ap, we used 
N = 676, the least number of genomic copies at any 
locus in any year class.

Population Structure

To rule out spatial population structure for the 
purposes of estimating NeLD and NeV (spatial structure 
violates an assumption of Ne estimation), we checked 
for the presence of any population genetic structure 
within and between Delta Smelt cohorts using 
STRUCTURE 2.3.3 (Pritchard et al. 2000), software 

that applies a model-based clustering method and a 
Bayesian approach so underlying genetic structure 
in a group of individuals can be inferred. We ran 
three iterations of K = 1 - 6 with a burn-in period of 
100,000 and 1,000,000 Markov chain Monte Carlo 
(MCMC) replications. Using STRUCTURE HARVESTER 
(Earl and vonHoldt 2012), we determined the optimal 
K number of clusters using the highest mean log 
likelihood, and visualized these clusters in a bar 
plot produced by STRUCTURE 2.3.3. To check for 
temporal structure, we used FSTAT 2.9.3.2 (Goudet 
1995) to calculate pairwise FST values between 
each year class. P-values were obtained after 200 
permutations and a Bonferroni correction for multiple 
tests (Rice 1989). 

Population Bottlenecks and  
Effective Population Size

We used two methods to detect population 
bottlenecks in each cohort sample: (1) the Wilcoxon 
signed-rank test for excess heterozygosity (Hk; 
Cornuet and Luikart 1996) implemented in the 
software BOTTLENECK 1.2.02 (Piry et al. 1999); and 
(2) the M-ratio test (Garza and Williamson 2001) 
implemented in the software M_P_Val (http://swfsc.
noaa.gov/textblock.aspx?Division=FED&id=3298). 
First, the Hk test calculates the likelihood of more 
recent bottlenecks relative to the M-ratio test 
(between 0.8 and 4.0 Ne generations ago), detecting 
a bottleneck when the heterozygosity expected 
under HWE exceeds the heterozygosity expected 
under mutation drift equilibrium. We performed the 
Wilcoxon one-tailed test for heterozygosity excess, 
using 5,000 replications and applying two mutational 
models: the stepwise mutation model (SMM) and 
the two-phase model (TPM). First, we used the 

Table 1  Sample size (N), Expected (He) and observed (Ho) heterozygosity, average number of alleles (NA), allelic richness with 676 genes 
(Ar), number of private alleles (NP), and private allelic richness (AP) for four cohorts (years) of Delta Smelt using 12 microsatellite loci

Year (cohort) N He Ho NA Ar NP  Ap

2011 995 0.853 0.843 25.67 23.57 11 0.53

2012 534 0.852 0.836 24.17 23.27 1 0.38

2013 678 0.847 0.836 24.42 23.15 3 0.24

2014 421 0.853 0.846 23.42 23.09 3 0.38

Mean — 0.851 0.840 24.42 23.27 4.5 0.38

http://swfsc.noaa.gov/textblock.aspx?Division=FED&id=3298
http://swfsc.noaa.gov/textblock.aspx?Division=FED&id=3298
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parameters recommended by Piry et al. (1999; 12% 
variance, 95% stepwise mutations and 5% non-
stepwise mutations) to calculate the likelihood of 
bottlenecks under the TPM. Second, we applied the 
M-ratio test to identify the likelihood of more severe 
historical bottlenecks. For this test, we determined 
the M-ratio — the ratio of the number of microsatellite 
alleles (K) to the range in the allele size for each 
locus (r; M = K/r)—using parameters recommended 
by Garza and Williamson (2001): proportion of one-
step mutations (ps) = 0.9, average size of non-one-
step mutations (deltag) = 3.5, and θ = 10. In the event 
of a bottleneck, the M-ratio is expected to decrease 
because the number of alleles lost as a result of drift 
decreases more quickly than the decline in the range 
of alleles.

Using the software program NeEstimator Version 2.01 
(Do et al. 2014), we estimated Ne using three different 
methods. First, we first estimated NeLD of each sample 
with the bias-corrected LD method (Waples and Do 
2008). NeLD was estimated with alleles below three 
different frequencies removed (PCrit values): those at 
0.05, 0.02, and 0.01. Second, utilizing the temporal 
method in Waples (1989) with a PCrit value of 0.02, 
we used NeEstimator to estimate NeV. Third, we used 
two different methods for computing variance in 
allele frequency to calculate parametric confidence 
intervals (Pollak 1983; Nei and Tajima 1981). For this 
analysis, 2011 was considered generation 0, followed 
by 2012 as generation 1, and so forth through 2014. 

RESULTS

We detected possible null alleles using Microchecker 
at Htr115 and Htr126 in all Delta Smelt years; null 
alleles were also present for Htr116 in 2011 and 
Htr119 in 2012 and 2013. We detected significant 
deviation from HWE (P < 0.05) in all years, yet loci 
out of HWE were inconsistent across years. We 
performed 330 tests for linkage disequilibrium, 
of which 24 were significant (P < 0.05). After a 
sequential Bonferroni correction (α = 0.05), only 
seven locus pairs remained significant: Htr104/
Htr109 in 2011, Htr103/Htr109 and Htr117/Htr120 
in 2012, Htr103/Htr109 and Htr120/127 in 2013, and 
Htr109/Htr114 and Htr114/Htr120 in 2014. Given 
the detected null alleles, we conducted downstream 
analyses (1) using the full suite of 12 loci, and (2) 

excluding Htr115 and Htr126. Because results with 
10 loci did not differ dramatically from results with 
12, analyses with 10 loci are placed in Appendix A.

Genetic Diversity

We observed similar levels of genetic diversity 
among the Delta Smelt samples from different years. 
Expected heterozygosity (He) ranged from 0.847 
to 0.853, with an average He of 0.851; observed 
heterozygosity (Ho) ranged from 0.836 to 0.846, with 
an average Ho of 0.840 (Table 1). Ar ranged from 
23.09 (2014) to 23.57 (2011; Table 1). Ap values 
were highest in 2011 (0.53), and lowest in 2013 
(0.24; Table 1). See Appendix A for a list of allelic 
frequencies, Ar, and Ap values.

Population Structure

The STRUCTURE analysis revealed no population 
structure within or between years (highest mean log 
likelihood value was for K = 1). Pairwise FST values 
were all < 0.001, and none were significant after a 
Bonferroni correction (adjusted α after the Bonferroni 
correction = 0.0083) indicating no temporal or spatial 
structure within the data set.

Bottlenecks and Effective Population Size

We found no significant heterozygote excess for 
any year using the Hk test. Similarly, there were 
no M-ratio values below PCrit; therefore, we found 
no evidence of genetic bottlenecks in our data set. 
Ninety-five % confidence intervals (CIs) were wide for 
both NeLD and NeV (upper limit = ∞) for all 4 years, 
indicating that Ne is high enough for the estimators 
to have low precision. The lower limits of CIs for 
NeLD ranged from 1,893 to 23,822 across each sample 
year (Table 2). For NeV, lower limit 95% CIs ranged 
from 632 to 6,619 (Table 3).

DISCUSSION

We estimated Ne and measured the genetic diversity 
of four cohorts of Delta Smelt (2011, 2012, 2013, 
2014) using 12 microsatellites. The bottleneck 
estimators did not detect bottlenecks within the 
data set, and we found no temporal or geographic 
population genetic structure. We found a small 

https://doi.org/10.15447/sfews.2017v15iss2art5
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reduction in both allelic richness and private allelic 
richness between 2011 and 2014. Estimates and 
95% CIs for both NeV and NeLD varied substantially; 
therefore, we focus on the lower CIs in this 
discussion, because these values are the most 
conservative minimum estimates of Delta Smelt Ne. 
Current research indicates that a minimum Ne of 
at least 1,000 is theoretically necessary for long-
term maintenance of genetic diversity (Frankham 
et al. 2014). Yet, this is an area of active research 
and debate (Jamieson and Allendorf 2012, 2013; 
Frankham et al. 2013, 2014), and most research 
has focused on populations that are already small. 
Our lower 95% CIs of NeV are sometimes below 
the recommended conservation threshold of 1,000, 
but the NeLD lower CIs are all > 1,000. In this case, 
the lower 95% CIs indicate that, at present, there 
is little evidence to suggest that Delta Smelt have 
an increased short-term risk of extinction from 
genetic factors. Yet, at this time, we cannot rule 
out the possibility that the true Ne is close to the 
threshold where genetic risks are increased, nor can 
we determine if Ne has already been reduced from 
historical levels, though given demographic patterns, 
it is likely. Yet, it does not appear that their decline 
results from genetic factors, but rather the myriad 
factors already described in the literature (Moyle et 
al. 2016 and citations therein).

An understanding of the limitations of Ne estimation 
is critical for interpretation and use of our analysis 
in a management context. In this case, precise 
estimates of Ne are not possible with our data set. 
In part, we can interpret this as Delta Smelt having 
a relatively large Ne (probably > 1,000). Current Ne 
estimators perform better when Ne is smaller (< 200; 

Waples and Do 2010). Complicating this analysis, 
the number of markers used here is on the lower 
end of the recommended number of microsatellites 
for Ne estimation (10 to 20; Waples and Do 2010). 
Furthermore, our samples are from 2011 to 2014 — the 
estimates herein are short-term estimates, using 
recent Delta Smelt samples, taken from a population 
that has been declining for decades (which may 
also explain why bottlenecks were not detected 
despite observations of population decline). We 
did not combine our data set with that of Fisch 
et al. (2011), because they used 16 rather than 12 
markers, and microsatellites were not standardized 
between instruments. Though we cannot directly 
compare our results, Fisch et al. (2011) had similar 
findings (however they did not use the sample 
size correction, causing their Ne estimations to be 
upwardly biased). They found lower 95% CIs of NeLD 
to be 969 or greater, and an estimate of NeV to be 
1,430. The difference between NeLD and NeV values 
is important: when a population rapidly decreases, 
genetic drift causes more random changes in allele 
frequencies (and sometimes loss of alleles), causing 
NeV to decrease. NeLD on the other hand, measures 
an increase in inbreeding, which occurs more slowly 
than changes in allele frequencies resulting from 
genetic drift. Therefore, during or after a bottleneck, 
NeLD is likely to remain high for several generations, 
even when NeV is decreasing. Put another way, NeLD 
is measuring the Ne over many generations, while 
NeV is a more contemporary estimate (Turner et al. 
2002; Neigel 1996; Schwartz et al. 1999). In this 
case, both NeLD and NeV estimates and the 95% CIs 
vary considerably. We suggest monitoring values 
over time to identify longer-term trends, rather than 
taking an individual value in isolation. Though 

Table 2  NeLD estimated with 12 loci. We estimated NeLD with 
alleles at three different frequencies removed (PCrit = 0.05, 0.02, 
0.01). 95% confidence intervals (CIs) using a jackknifing method 
reported. 

Year NeLD (95% CI) 

PCrit 0.05 0.02 0.01

2011 33,120 (4,854-∞) ∞ (12,957-∞) ∞ (23,822-∞)

2012 4,201 (1,893-∞) 8,955 (3,704-∞) 11,549 (4,798-∞)

2013 56,715 (3,177-∞) 14,304 (4,534-∞) 12,316 (4,030-∞)

2014 ∞ (3,332-∞) ∞ (16,409-∞) ∞ (7,543-∞)

Table 3  NeV (PCrit = 0.02) reported for different year (cohort) 
combinations. Below diagonal is NeV with 95% parametric CI from 
Pollack (1993), above diagonal is NeV and 95% parametric CI from 
Nei and Tajima (1981). 

Year  
(generation) 2011 (0) 2012 (1) 2013 (2) 2014 (3)

2011 (0) — 2,363 (775-∞) ∞ (6,425-∞) ∞ (3,471-∞)

2012 (1) 2,088 (735-∞) — 3,454 (789-∞) 6,302 (1,284-∞)

2013 (2) ∞ (6,619-∞) 3,259 (775-∞) — 2,459 (634-∞)

2014 (3) 85,239 (3,395-∞) 4,777 (1,202-∞) 2,340 (632-∞) —
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we find no evidence of short-term genetic risks 
based on our Ne estimates, there may be increased 
long-term genetic risk. The fact remains that the 
Delta Smelt abundance indices show an alarming 
collapse (Figure 1). From a genetic perspective, 
this is of concern because the relationship between 
average number of alleles, census size (Nc), and Ne 
is different for large and small populations at their 
equilibriums. For example, Ryman et al. (1995) 
describe a scenario where there are two equilibrium 
populations: A and B, with census sizes of 100,000 
and 10,000,000 (respectively) that are both reduced 
by 99%. The difference in loss of heterozygosity may 
be negligible between A and B, but population A 
will retain 90% of its alleles, while B will only retain 
8%. This is because large populations retain far more 
alleles than small populations at their equilibrium 
states, based on the relationship between mutation 
(generates new alleles) and drift (removes alleles; see 
Crow and Kimura 1970). Additionally, population 
genetic theory predicts that declining populations 
will inevitably lose genetic diversity through genetic 
drift and inbreeding. This scenario could lead to 
an “extinction vortex,” a self-reinforcing iterative 
process where bottlenecks and lowered Ne lead to 
increased genetic drift, reduced heterozygosity, and 
increased inbreeding, which can reduce adaptive 
potential (Gilpin and Soulé 1986; Caughley 1994). 
We can expect that if the decline of Delta Smelt 
continues, genetic factors will increase an already 
high threat of extinction (Quiñones and Moyle 2014). 

CONCLUSIONS AND RECOMMENDATIONS

Our findings are important and encouraging, and 
suggest that the declining abundance of Delta Smelt 
has not led definitively to reduced maintenance of 
long-term evolutionary potential — if the population 
is recovered. Our results do not indicate that Delta 
Smelt are not suffering from serious declines over 
decades or aren’t imperiled. Maintaining an Ne 
> 1,000 may require a census population of over 
100,000 based on published Ne / Nc ratios, which 
typically range from 0.1 to 0.5, but can be as low 
as 10-5 for marine species (Palstra and Ruzzante 
2008; Hare et al. 2011). Management efforts should 
continue to focus on improving abundance rather 
than targeting genetic diversity. In addition, more 
work is needed to estimate abundance levels, an 

increasingly challenging endeavor as Delta Smelt 
continue to decline and are harder to find. Our 
analyses provide additional useful insight into 
the status of this population, but we recommend 
continued estimation of Ne to monitor short-term 
extinction risk with utilization of newer genomic 
technologies, historical samples, and integration 
with current survey and monitoring efforts. Genomic 
technologies in particular are promising, because 
genomic data are more powerful than microsatellites 
for giving precise estimates of Ne. For example, 
Hoban et al. (2014) found that 2,500 single-
nucleotide polymorphisms (SNPs) are as powerful as 
250 microsatellites, and could detect genetic erosion 
even while 80–90% of a population’s historical 
diversity remained. In addition, genomic data are 
easier to standardize across studies (making long-
term data sets more feasible), and are increasingly 
more efficient and affordable to collect. Monitoring 
genetic diversity in threatened populations is widely 
recognized as important for assessing extinction 
risk and long-term evolutionary potential, and by 
extension, potential for recovery (Frankham 2005). 
Though estimated Ne values are largely >1,000, Delta 
Smelt are an annual species that inhabit an extremely 
variable ecosystem. This variability combined with 
typical population boom-and-bust cycles could 
drastically reduce Ne very quickly. The estimated 
Ne values in the face of overwhelming evidence 
of population collapse underscore the difficulty in 
fully understanding basic aspects of Delta Smelt life 
history, their conservation status, and the complex 
nature of the estuary. Yet, they also provide hope for 
recovery and the resilience of the species.
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