














Table 4: STRUCTURE (Pritchard et al. 2000) analysis of among tributary structure.

Pr(K|X) represents the probability of K being the number of populations given X.

K InPr(X|K) Pr(K|X)
1 -9240.4 0
2 -8245 0
3 -7746.1 0
4 -7449.1 0
5 -7176 0
6 -7023.2 ~0
7 -6719.8 ~0
8 -6572.2 ~0
9 -6558.78 ~0
10 -6504.02 ~0
11 -8106.52 0
12 -6444.57 ~0
13 -6394.95 1
14 -6460.8 ~0

The population dendrogram created from UPGMA analysis had very low
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bootstrap values for most of the node assignments and are likely not valid. The nodes

that have high enough bootstrap values to be considered valid show congruence

between the relatedness of the tributaries and there geographic distance. NFLSR and

Rhodine were assigned as the two most closely related populations (0.0375, bootstrap

value= 0.97; Figure 5). Deadman and Ted are the second most closely related

populations (0.0736, bootstrap value= 0.57; Figure 5). West Branch and Standard are

grouped separate from the NFLSR tributaries with the greatest genetic distance (0.3155,

bootstrap value= 1.00; Figure 5).
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Table 5: STRUCTURE (Pritchard et al. 2000) analysis of within tributary structure for
NFLSR and Rhodine Creek. Pr(K|X) represents the probability of K being the number of

populations given X.

K InPr(X|K) Pr(K|X)
1 -1718.6 ~0
2 -1644.35 ~0
3 -1630.75 0.999998
4 -1644.6 ~0
5 -1664.5 ~0

1.00

0.80

0.60

0.40

0.20

0.00

NFLSR Rhodine

Figure 4: Frequency of assignment of individuals when K=3 for individuals from NFLSR

and Rhodine.
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Figure 5: UPGMA cluster analysis using Nei (1972) distance (TPGFA; Miller 1997).

Bootstrap values are represented at each node in the tree.

Across all tributaries the genetic diversity (He) is relatively low (Table 6). West
Branch and Standard have the lowest genetic diversity and NFLSR and Rhodine have the
highest genetic diversity. Expected heterozygosity ranged from 0.18 (Standard and West
Branch) to 0.46 (Rhodine) (Table 6). Standard and West Branch had the lowest expected
heterozygosity (0.18-0.26) and had the most fixed alleles. In contrast, Deadman, NLFSR,
Rhodine, and Ted had the highest expected heterozygosity (0.39-0.46) and an average
of less than 2 fixed loci per population.

The factor with the most influential impact on the genetic diversity within the
tributaries in the NFLSR drainage was the length of stream available above the barriers

(Figure 6a). The extremely low heterozygosity in both West Branch and Standard was
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likely due to isolation by the West Branch waterfall, a long-term geologic barrier that
occurred before the isolation by the water diversions. Because the West Branch
waterfall has prevented upstream movement of fish it is likely that genetic drift has
been acting on West Branch and Standard outside of the realm of the diversion
construction. It is assumed that movement was possible in the rest of the drainage prior
to the diversions because of the Fst relationships among the other tributaries.

The linear regression analysis comparing genetic diversity and stream length was
nonsignificant when all populations were included (Figure 6a; P=0.74). The model
including West Branch and Standard would suggest that there is a decrease in genetic
diversity as stream length increases. West Branch and Standard are the observations
that make the slope of the regression negative. These observations should be treated
as outliers in that a long-term natural barrier has isolated these populations before the
construction of the diversion structures. If West Branch and Standard Creek are
removed, the relationship between genetic diversity and stream length was significant
(P=0.043) with a positive slope, suggesting that there is an increase in genetic diversity
as stream length increases (Figure 6a).

The other factor | hypothesized to be impacting the genetic diversity within the
tributaries in the NFLSR drainage was the tributary’s population size (Cook et al. 2010).
The regression analysis with all populations included was nonsignificant (Figure 6b;
P=0.633). As with stream length, including West Branch and Standard made the slope of

the regression negative suggesting a decrease in genetic diversity as population size
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Figure 7: Isolation by distance analysis from ISOLDE program in GENEPOP (Raymond and
Rousset 1995). The correlation between Fsr /(1- Fst) and natural log of geographic

distance, where the regression equation is 0.1468x+0.1509 (R2=0.1994; P-value=0.019).

population based effective population size estimates from Cook et al. (2010) are higher

than the effective population sizes estimated in this study due to the inclusion of
individuals from Rhodine Creek (Table 9). Based on the effective population size
estimates from LDNe (Waples and Do 2008), 4 of the nine populations have confidence
intervals that include 50 or more individuals. Of those, only one population (Standard
Creek) has a confidence interval that has greater than 500 individuals (Table 9). Based
on estimates of the effective population size using ONeSAMP (Tallmon et al. 2008), only
two of the nine populations have confidence intervals that include greater than 50

individuals.
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Figure 8: Isolation by distance analysis for just the NFLSR tributaries (Deadman,
Harrison, Ted, Third, NFLSR, and Rhodine) from ISOLDE progtam in GENEPOP (Raymond
and Rousset 1995). The correlation between Fst /(1- Fs7) and geographic distance, where

the regression equation is y= 0.0314x+0.118 (r2=0.2474; P-value=0.1159).

Cook et al. (2010) based their effective population size estimations on calculations of
Ne/N ratios of 0.5 and 0.2. | calculated Ne/N ratios using the mean effective population
estimate (from LDNe and ONeSAMP) and the mean adult population estimate (Cook et
al. 2010), the Ne/N ratios ranged from 0.02 (West Branch)-1.31 (Harrison). Using the
LDNe estimates, seven of the nine populations had Ne/N ratios less than 20 percent.
Using the ONeSAMP estimates, four of the nine populations had Ne/N ratios less than

20 percent. West Branch, which has the most available habitat (6.1km) and the largest
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Table 8: BOTTLENECK (Piry et al. 1999) results under the two-phase model and M-ratio

results (Garza and Williamson 2001). Bold is significant, Italics is marginally significant.

BOTTLENECK (Piry et al. 1999)  AGARst (Harley 2001)

Wilcoxon Test M (Garza &
Streams P-value [Pr(H excess)] Williamson 2001)
Deadman 0.48291 0.846
Harrison 0.06470 0.789
NFLSR 0.29150 0.846
Rabbit 0.16016 0.868
Rhodine 0.02869 0.867
Standard 0.37109 0.813
Third 0.21582 0.828
Ted 0.31775 0.775
West Branch 0.76953 0.896

population estimate (628 individuals), has the lowest Ne/N ratio of 0.02. Harrison Creek,
which has the least available habitat in the drainage (0.85km) and the smallest
population estimate (15 individuals), has the largest Ne/N ratio of 1.31. While most of
the Ne/N ratios were very similar between the ONeSAMP and the LDNe effective
population estimates, the Ne/N ratios for Standard and Third Creek varied drastically

when comparing Ne/N estimates from ONeSAMP and LDNe (Table 9).



35

0TOT ‘|B 19 000 AQ pa1onpuod Apnis syl 1o} Wealls swes ay3 se padnold alam ¥ST4N pue suipoyy -
(086T UIPjuBl4) O UBY]L J91eaIF [BAISIUl SOUSPIIUOD 10 32Is Uolie|ndod SAI1D349 S318JIpUl P|Og

L0°0 200 (¥69-095) 829 (6€T-2TT) 92T  (LvE-082) ¥TE (6'TTT-6°0€) ¥'9p (6'9€-£€) S'ET  Youelg isam
810 S0°0 (TET-¥8) ¥OT (9z-£1) 1€ (s9-zv)2s  (9'ST-£'ST) T'61 (8'6-2€) LS pal
GL0 600 (ve-11) 2C (L2 v (£1-9) 1T (8'9Z-8'CT) 99T (LT<ct1)6T PAIYL
910 61°0 (16-1S) ¥9 (81-0T) €T (sv-9z)ze  (1'0L-0°'TT) €'6T (€'996-L'T) 6'TT plepueis
% % 2 - (r1Ir8€)68e (cos-z6) 19T aulpoyy
Z10 Z10 (581-86) 9€T (£€-02) L2 (e6-6v)89  (L'TT-T€ET)T9T (zs-9'9) ¥'9t }qqey
LO°0 S0°0 (s8¢—z0¢) Tre (££-09) 89 (€6T-IST) TLT  (6€E-T'6T)TET (T'£z-6'0T) 69T 4ST4N
(6v'0)80'T (650)1€'T (9z—8) ST (s-2) € (cT-¥)8 (6TCVET)TIT (0L-6'L) L'6T uospIeH
12°0 ¥€°0 (86T-90T) €T (ze-12) 92 (6£-€5)99 (1'ev-6'C7T) €'8C (T°08-£'82) 9'vt uewpeaq
(‘Tpvy Hnpy)  (Tpv 3npY) (‘Tpv 3npY) (z’=N/3N) (5'=N/2N) (ogv) (241UX40B(-|D%56)
N/°N N/°N N aN aN N aN
dINVSANO aNd1 (0T0T "I 32 J00D) (010T "[B 39 00D) dINVSANO aNaT
suollew sy 3N paseq a3ewli}sa uolje|ndod
uone|ndod

'S91BWISA dIAVSSNO pue aNQ] Suisn Jo) sonlel azis
snsuad /azis uonejndod aAndaye pue ‘(0TOT) ‘e 39 300D wol) suonewnss uonejndod paieioosse 1y} pue uonewnsa uonendod

aAIaYL (8007 'Ie 3@ uow|el) dINVSSNO ‘(8007 od pue sajdepy) sN@] wol) suonewnsa azis uonejndod aAllday] 16 9|qel



36

DISCUSSION

This study was intended to establish baseline genetic structure of the Colorado
River cutthroat trout populations that reside above the water diversions in the North
Fork Little Snake River drainage. Like most cases of accidental conservation isolation,
there is no pre-monitoring data since the techniques used had yet to be established
when the diversions were built and the importance of these populations were
overlooked until the species as a whole became of concern. As such the genetic status
of the population in the NFLSR drainage prior to anthropogenic manipulation is
unknown. If accidental conservation isolation had not occurred it is very likely the
historic genetic status would still be unknown since genetically pure populations in the
NFLSR drainage would likely have been extirpated due to invasion and ingression with
non-native trout. While these water diversion structures eliminated the threat of
invasion in the short term, they have left the populations above vulnerable to the
effects of small populations and isolation over the long-term.

The exact interaction of natural factors and how they influenced the genetic
structure of these populations prior to human fragmentation are unknown. These
factors include population establishment through founder and extinction events, natural
segmentation of populations by barriers within the drainage, and presence of migratory
life histories. The interaction of these factors on the genetic structure has formed the
genetic legacy of the drainage. This genetic legacy may have been confounded by the

recent presence of the water diversions which are acting outside of the natural
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interactions within the drainage. The populations above the diversions represent the
genetic legacy in the NFLSR drainage and may provide evolutionary value to the species
as a whole.

The current genetic structure of the populations in the NFLSR drainage can be
used to assess the evolutionary value of the small isolated populations. The tributaries
in the NFLSR drainage exhibit a genetic structure that is associated with both
anthropogenic and natural fragmentation to varying degrees. The populations currently
have high differentiation among tributaries, low genetic diversity within tributaries, a
suggestion of isolation by distance, and effective population sizes that are below the
recommendation for long term persistence. Although this structure represents natural
and anthropogenic influences, the presence of the human constructed barriers in the
headwater tributaries puts the larger core conservation group at risk into the future.

Regardless of historic connectedness in the NFLSR drainage, for the foreseeable
future the populations above the diversion structures will continue to be isolated from
each other. All tributaries are subjected to the same effects from the lack of movement
between streams but they differ in the amount of stream above the diversion. In all
cases the stream length above the diversion structures for each of the study streams is
far less than the amount recommended by Hilderbrand and Kershner (2000).

Even when the amount of stream available is within the guidelines (>8 km of
stream; Hilderbrand and Kershner 2000) natural geologic factors can cause the genetic

diversity to be very low. West Branch is an example of this. West Branch has the most
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available habitat above the diversion (6.1km) but the lowest genetic diversity (Table 6;
Figure 6a). The low genetic diversity was likely caused by the West Branch waterfall on
the main stem of West Branch between Rabbit and Standard. This natural barrier has
isolated fish for much longer than the human constructed diversion. In contrast, the
populations in NFLSR and Rhodine have the highest genetic diversities presumably
because they are still able to intermix (Table 6, Figure 4). The genetic diversities within
the populations in the NFLSR drainage are low overall and will likely diminish as a
function of the length of stream above the diversions if isolation continues (Figure 6a).

In an unobstructed riverine system a natural genetic gradient is expected to be
observed as the geographic distance between populations increase. Within the NFLSR
this pattern is affected by the natural barrier separating West Branch and Standard from
the rest of the drainage (Figure 7). However the remaining tributaries of the NFLSR-
Deadman, Harrison, NFLSR, Rhodine, Third, and Ted do not strictly follow an isolation-
by-distance pattern either. The diversion structures may be affecting the genetic
diversity and population structure in the NFLSR drainage by preventing gene flow
among the tributaries. Although there is a slope to the regression, suggesting some gene
flow is present, the slope is nonsignificant (Figure 8). With continued isolation, lack of
available upstream habitat, and small population sizes, there will likely be a continued
decline in genetic diversity and an increase in genetic differentiation through time

further degrading the isolation by distance pattern.
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The pattern observed in the NFLSR drainage of limited genetic diversity within
individual tributaries and high differentiation among tributaries has been found
elsewhere (Carlsson et al. 1999; Carlsson and Nilsson 2001; Koizumi et al. 2006; Neville
et al. 2006b). The high genetic differentiation among tributaries is likely a function of
the anthropogenic and natural geologic barriers in combination with fish exhibiting
different life histories prior to isolation. In the absence of the water diversions it is likely
that the genetic differentiation would be high among tributaries given the natural
geologic barriers and gradient of the system.

The natural waterfall on West Branch may have affected the genetic diversity in
West Branch and Standard by limiting if not preventing upstream fish movement. This
lack of movement over a long time scale may have caused the significantly
differentiation between West Branch and Standard and the rest of the NFLSR drainage
(Table 7), much longer than the timescale of the diversions. Differentiation between
these two tributaries could be due to effects from the diversions but also be due to
natural structuring within the drainage.

In contrast to West Branch and Standard, NFLSR and Rhodine have only been
isolated since the construction of the Stage | diversion in 1964. North Fork Little Snake
River (NFLSR) and Rhodine are the only two tributaries in the drainage that are not
currently isolated from each other. Downstream of their confluence the recent barrier
(Stage | diversion) is preventing the upstream migration of fish into these tributaries and

limiting the populations to 5.9 km of stream between the two tributaries (Table 6).
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While they are significantly differentiated from each other (Fst =0.02), this difference
may not have biological consequences. The STRUCTURE (Pritchard et al. 2000) analysis
shows that NFLSR and Rhodine are heavily intermixed. This putative genetic structure
coincides with finding presented by Young (2011) who found fish movement between
Rhodine and NFLSR. This suggests that on a small spatial scale in the absence of barriers
there may be enough movement in the drainage to prevent a loss of genetic diversity
(Mills and Allendorf 1996; Young 2011). The movement between NFLSR and Rhodine
may represent the reference condition in drainage prior to the diversion construction
suggesting both resident and fluvial life histories.

Rabbit Creek may also represent how life histories have led to population
structuring in the absence of the diversions. Differentiation analysis shows that Rabbit
Creek is most closely related to NFLSR, Rhodine, and Ted than to any other tributaries in
the drainage. While the West Branch waterfall explains why Rabbit Creek is highly
differentiated from West Branch and Standard Creek there is no geological explanation
for why Rabbit Creek would be more genetically differentiated from Harrison (Fsr =0.32)
and Third (Fst =0.41) than NFLSR (Fst =0.15), Rhodine (Fst =0.09), and Ted (Fst=0.15). The
relationship between Rabbit Creek and the NFLSR tributaries suggests that there may
have been significant fish movement from the upper end of the NFLSR drainage to
Rabbit Creek, whether this is from migratory fish prior to the diversion construction or

human translocation after the diversion construction is unknown.
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The small population sizes, isolation by the water diversions, and limited amount
of habitat above the diversions within the NFLSR drainage create an opportunity for
population bottlenecks. | found evidence of only one significant bottleneck in the NFLSR
drainage; this was within Rhodine Creek. The significant bottleneck signal maybe a
spurious effect, as there is no natural barrier (waterfall, cascade) present between
Rhodine and NFLSR (Nathan Cook; personal communication). The population within
Harrison Creek has a marginally significant bottleneck (Table 8). | believe Harrison Creek
is most likely to be influenced by the barriers because prior to the isolation, the
available habitat was relatively extensive. The diversion effectively cut the available
habitat within the tributary by more than half leaving only 0.85 km of stream above the
diversion (Figure 2). Harrison Creek is highly differentiated from the rest of the drainage
(Table 7) and it is unknown whether this is an effect of the tributary itself or if the
differentiation and lack of genetic diversity is due effects of isolation by the diversion
structure.

In this study there is little evidence bottlenecks have occurred in the NFLSR
drainage. The lack of observed bottleneck evidence could be due to the recent isolation
(Luikart et al. 1998a; Cristescu et al. 2010) as genetic consequences of a bottleneck take
several generations to appear (Luikart et al. 1998a). The populations within the NFLSR
drainage have only been isolated by human actions since 1964 (stage 1) and 1983 (stage
I1), which for cutthroat trout represents only 6 to 10 generations (Downs et al. 1997).

My failure to identify a bottleneck is therefore not surprising given the relatively short
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time since these populations have been isolated (Neville et al. 2006b), but provides a
baseline for future bottleneck analysis.

The most concerning baseline information in the NFLSR drainage is the effective
population sizes within the isolated tributaries. An effective population size of at least
50 individuals is required for short-term persistence of a population, and at least 500
individuals are required for long-term persistence (Franklin 1980). In the NFLSR
drainage, none of the current populations meet this standard for long term persistence
(Table 9). The confidence bounds for the effective population size estimations for
NFLSR, Rhodine, Third, and Ted is less than 50 individuals (Table 9).

The 50/500 rule is based on the premise that the effective population size is
around 20% of the population census size (Franklin 1980). However, isolated
populations commonly have low effective population size to census size ratios, often
below 0.2 (Frankham 1995). The low Ne/N ratios in the NFLSR drainage suggests that in
order to support enough individuals for long-term persistence the genetic diversity in
the system needs to increase or more habitat needs to be made available. Hilderbrand
and Kershner (2000) suggest that for long-term persistence a population size of 2,500
individuals need greater than 8 km of stream. These numbers are likely unachievable in
the NFLSR drainage as currently configured. Even 1,000 individuals in any of these
stream segments would be a lofty goal and a Ne/N ratio close to 0.5 would be needed to
maintain genetic diversity for long-term persistence. Although some populations can

remain genetically stable above barriers for many generations (Whiteley et al. 2010),
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this seems highly unlikely to occur in the NFLSR drainage due to the lack of available
stream lengths (0.85 km — 6.1 km) upstream of the diversions. The effective population
sizes and census sizes (Cook et al. 2010) are worrisome. These populations need to be
monitored closely for changes in population size. Population extinction is most likely to
occur in Harrison, Third and Ted Creek because they have the lowest effective

population sizes and the least amount of habitat available upstream of the diversions.

Conclusions and Management Considerations

This study established baseline genetic data and analysis to give fisheries
managers within the NFLSR drainage a tool to monitor and preserve these populations
into the future. There is currently genetic diversity within the populations and genetic
differentiation among populations. Although the genetic diversities within the
populations are low, the high genetic differentiations among populations suggest that
each population may have its own unique contribution to the evolutionary value for the
drainage as a whole and each are important to conserve into the future. The extremely
low genetic diversities within West Branch and Standard due to a natural barrier are
examples of the effects of long term isolation on genetic diversity without the
supplementation of genetic variation. The current configuration of isolated tributaries
will likely cause the genetic differentiation to increase through time due to genetic drift
and a lack of gene flow. lIsolation in combination with small population sizes is the

greatest threat to the long-term persistence of these populations.
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There are two options fisheries managers can take. The first option is to do
nothing. This will most likely degrade the evolutionary value of the populations in the
short-term and lead to extinction in the long-term. In the short-term the diversions will
continue to isolate these populations. If nothing is done the genetic diversity within
populations will continue to decline, genetic differentiation among tributaries will
increase, and populations in some of the tributaries may go extinct. The second option
is to actively manage the populations to maintain the evolutionary value into the future.

If managers choose to actively manage to preserve these populations into the
future several considerations need to be taken into account including; (1) what barriers
will exist in the future and (2) the genetic makeup of the Colorado River cutthroat
populations downstream of the diversions. In this study, only the populations upstream
of the diversions were analyzed because of their high priority compared to the
downstream populations that have been affected by non-native invasions. However, the
populations downstream, from the diversion structures to the weirs on NFLSR and West
Branch (Figure 1), were determined to be genetically pure (Cook 2010).

Based on the results of this study, | recommend that the first step in
conservation of these populations is to establish baseline genetic data at the drainage
scale which includes populations below the diversions. Knowing the genetic structure
below the diversions may answer key questions that were raised but not answerable in
this study such as: How is the drainage structured in the absence of barriers? How do

the genetic differentiation and genetic diversity differ above and below the barriers?
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Within a tributary, how similar are the populations above and below the diversion?
Once a baseline genetic structure is established for the NFLSR drainage, future steps can
be taken.

Continued isolation of the populations above the diversion structures will
eventually lead to loss of evolutionary value or extirpation of populations in some of
these tributaries. Translocation between tributaries within the drainage may be an
option to increase genetic diversity as a short term solution for the populations above
the diversions. Only one migrant per generation is needed to maintain the genetic
diversity (Mills and Allendorf 1996). If translocation is used the genetic diversity of the
populations would have to be monitored closely for changes because if the translocated
fish do not breed in the areas to which they are relocated this option will further
decrease genetic diversity.

The best solution to promote the long term persistence of Colorado cutthroat
trout in this drainage is to reconnect these populations. This is could be accomplished
through fish passage around the diversion structures and would be justified if the
cutthroat trout below the barrier have still retained the genetic legacy of the drainage.

Until a baseline genetic structure can established for the drainage, these
populations need to be monitored carefully to insure that future demographic and/or
environmental stochastic events, which have the potential to cause quick and severe
genetic changes, do not cause extirpation of the populations within the NFLSR drainage.

Populations most at risk are Harrison, Third, Ted, and Standard.
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This study occurred after only 6-10 generations of isolation. Given the
generational time-scale for this species this study should be repeated within the next 10
years to continue to monitor the genetic changes within the drainage. Demographic
monitoring should be done every 2 to 5 years so that any severe changes in population
size can be recorded to monitor population persistence. The accidental conservation
isolation that has occurred in the NFLSR drainage has given fisheries managers a chance

to conserve the evolutionary value of each of these populations into the future.
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