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The “small population paradigm” holds that small population size enhances risk of
extirpation, with risk factors grouped as genetic, demographic, and “environmental”. To
understand the factors that determine likelihood of persistence, I studied coastal cutthroat
trout (Oncorhynchus clarki clarki) and Dolly Varden (Salvelinus malma) populations in
southeastern Alaska that have been isolated from immigrants for thousands of
generations. These populations became isolated when isostatic rebound following
deglaciation created waterfalls.

I developed a geological model of variations in Holocene uplift across the region, and
tested it independently using the presence/absence of fish in isolated, high elevation
lakes. The model predicted locations where isolated populations should be found above
waterfalls. I inferred population persistence over the intervening millennia using
presence/absence of present-day populations at these locations.

I examined loss of genetic microsatellite variation in 12 isolated coastal cutthroat trout
populations. All populations showed reduced heterozygosity and allelic diversity
compared to populations downstream of isolating waterfalls. The genetic variation
retained was highly correlated with amount of available habitat. I calculated the effective
population size (N,) from observed loss of heterozygosity and compared this “genetic”
population estimate with “demographic” population size estimates (N) calculated from
the amount of available habitat. The strong negative relationship between N¢/N ratio and
habitat amount I found suggests the smallest populations lost less genetic variation than
expected, perhaps due to heterosis.

To examine conditions under which small, isolated populations persisted or failed, 1
sampled 124 sites with limited amounts of habitat above waterfalls. I found a 90%
likelihood that populations of coastal cutthroat trout or Dolly Varden would be present
when more than 4.4 km of stream habitat were available, and a less than 50% likelihood
of finding either species in less than 1 km of habitat. Dolly Varden consistently achieved
much higher densities than coastal cutthroat trout when the other species was absent.
This suggests Dolly Varden population sizes were suppressed in the presence of cutthroat
trout, presumably by competition. This study demonstrates that the amount of habitat
available to a population is a key determinant of population persistence, for reasons both
demographic and genetic.
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CHAPTER 1 — Introduction
BACKGROUND

As the footprint of human disturbance on the planet continues to expand, high-
quality habitat for all species is steadily being reduced and fragmented, and the likelihood
of local populations becoming isolated is correspondingly increased. In light of this, it
might seem surprising that few empirical studies have attacked the question of what
determines the persistence of isolated populations. On closer inspection, however, it is
difficult to identify a truly isolated population of terrestrial vertebrates to study. Birds
and aerial insects fly between habitat patches. Even earthbound species thought to be
trapped on remnant habitat fragments (Mills 1995) turn out to cross apparently hostile
terrain with sufficient regularity that they cannot be called truly isolated (Tallmon et al.
2002). This vagility makes it difficult to separate the influence of migration on a
population from the other factors that may constrain its persistence.

Stream fish are among the species most impacted by anthropogenic habitat
fragmentation. In recent decades, many populations have become isolated by activities
such as dam building, road culvert construction, and dewatering for irrigation. For
stream fish, the conservation imperative for understanding how they are affected by long-
term isolation is great, yet the question would seem to be difficult to study. Even a small
amount of connectivity appears to permit movement by stream fish (Adams et al. 2000),
and they are notorious for their ability to quickly colonize or recolonize newly available
habitat (Larimore et al. 1959; Meffe & Sheldon 1990; Milner et al. 2000).

This study seeks to fill this void by examining the long-term persistence of

populations of stream-resident coastal cutthroat trout (Oncorhynchus clarki clarki) and
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Dolly Varden (Salvelinus malma) in the Alexander Archipelago of southeastern Alaska. |
These populations are distinguished by being truly isolated from all immigrants, by the
great length of time for which they have been isolated, by their relatively pristine setting,
and by the large number of similarly situated isolated populations. These characteristics
largely result from the mechanism of their isolation.

Most, if not all, isolated fish populations in the Alexander Archipelago are
thought to have become established immediately following the retreat of the Cordilleran
ice sheet at the end of the Pleistocene epoch. At this time, sea level was higher in most of
the region than it has been since, and barriers that currently block fish passage may have
been flooded at that time by the ocean. With the falling of sea level and the melting of
ice dams, fish populations above barriers became isolated from incoming migrants and
remain that way today. Because these resident fish are small, they have largely escaped
human notice and their persistence should be explainable without resorting to
anthropogenic disturbance factors, except at the largest scale (e.g. global climate
change).

Although extinction (or extirpation) is fundamentally a stochastic process, Brown
(1995) argued that it is possible to identify factors that favor the probability of extinction.
Principal among these is small population size, which increases vulnerability to genetic
processes such as drift and stochastic environmental events such as catastrophic
disturbance. Though they are not predictable, stochastic events are not uncommon.
Populations that are not threatened in other ways normally recover from all but the most
catastrophic of stochastic events. However, populations that are small, either due to prior

stochastic events or deterministic processes, are at increased risk of extinction from the
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next stochastic event. Rieman et al. (1993) provided an overview of extinction processes
as they relate to resident salmonids. Extinction processes are characterized as
deterministic, stochastic, or genetic. Deterministic extinction processes lower survival or
growth rates in predictable ways. For instance, destruction of spawning habitat means
that fewer fish will be able to find a place to spawn (assuming full utilization of the
resource). Extinction, then, can occur through deterministically driving a population out
of existence, or by reducing it to the point that it does not recover from a stochastic event.
Because stochastic events cannot by definition be predicted, extinction probability is

predicted based on deterministic variables and processes that reduce population size.

RESEARCH OBIJECTIVES
The purpose of this research was to explore the factors that limit population
persistence by examining the fate of small populations of stream-dwelling fish that have
been isolated for thousands of generations. I identified a potential set of study
populations thought to have been isolated by uplift in southeastern Alaska. My

preliminary goals were:

1. To develop a map of Holocene uplift for southeastern Alaska;

2. To develop a physical model for predicting the location of fish populations
isolated by uplift; and

3. To evaluate that model with an independent set of biological data.

Once I had developed an objective model for predicting where isolated
populations should be found, I interpreted the presence or absence of fish populations in

each location as a indication of whether a population in that setting had persisted since
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becoming isolated early in the Holocene. My remaining research objectives were to

determine:

1. Whether there was genetic evidence that persisting populations were
indeed reproductively isolated;

2. Whether the amount of genetic variation lost was correlated with
population size and with length of isolation period;

3. Whether the quantitative loss in genetic variation was similar to what we
would expect for isolated populations;

4. What were the most restricted settings in which isolated populations are
known to have persisted;

5. How well was population persistence predicted by the amount of habitat
available and length of isolation period; and

6. Whether the presence or absence of another salmonid species affected the

likelihood of population persistence.

In Chapter Two, I develop and evaluate a model for predicting the locations in
southeastern Alaska where post-Pleistocene fish populations would have been founded
and subsequently isolated. Chapter Three addresses research objectives 1-3 above
through genetic analysis of 12 isolated populations of coastal cutthroat trout in contrast
with their putative founding population. Chapter Four addresses research objectives 4-6
by contrasting stream and watershed characteristics of settings where isolated populations
of coastal cutthroat trout and Dolly Varden are, and are not, found today. The final
chapter, Chapter Five, is largely unrelated to the other chapters and derives from an

internship I completed as part of my graduate program requirements.
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SIGNIFICANCE OF RESULTS

Mechanism of Isolation: Chapter Two and the associated appendix compile all
known information about southeastern Alaskan Holocene uplift in one place for the first
time, and present new hypotheses about the amount and variation of uplift in the region.
Uplift as a mechanism of isolation is added to the list of those more commonly
considered, including flooding, fire, desertification, glacial advance, vulcanism, and,
especially, anthropogenic landscape disturbance. Uplift is distinguished from most of the
others by the relatively slow speed at which it proceeds, the relatively large area affected,
and the long time during which its effects persist.

Genetic Variation: This study reports on genetic variation in populations that
have been completely isolated by natural means for a far longer period than most studies
of the genetic effects of isolation or fragmentation. My resuits do not contradict the
results of other studies, but instead provide strong support for prior conclusions drawn
where isolation from immigrants was not as complete or the period of isolation as long.
The very high correlation I found between genetic variation and habitat size in isolated
populations underscores the importance of reserve size in the preservation of small
populations. I report a negative correlation between the ratio of effective population size
to census population size, and census population size itself. This pattern could have
significant implications for the genetic behavior of populations during bottlenecks.

Habitat Size and Persistence: In Chapter Four, I showed that habitat size was
correlated not only with the degree of reduction in genetic variation but with the

likelihood of persistence itself. This relationship was so strong that no other habitat
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factors I considered were significant in a multiple logistic regression model for prediction
of population persistence. The literature of conservation biology is rife with predictions
of the corrélation of patch size with the so-called extinction threshold (see review in
Fahrig 2003), but this study is one of the few to test it empirically, and it underscores
recommendations that habitat preservation should be the first priority for conservation
(Fahrig 2001). However, I was able to document multiple populations persisting in
complete isolation in patches somewhat smaller than others have suggested are required
(Harig & Fausch 2002; Hilderbrand & Kershner 2000). There is a tendency among
conservationists to write off the future of very small populations unless they are the only
remaining population of a species, but my results show that smaller populations may have
brighter prospects than have been previously assumed. In Chapter Four, I also
demonstrated that the presence or absence of another, similar species can have a marked
effect on persistence, and that this degree to which this effect is manifested is not
constant among species. Finally, the data I report in Chapter Four provide strong
empirical support for the oft-used recommendation that effective population size should

be not less than 500 to ensure long-term population persistence.

CONCLUSIONS
Small isolated fish populations offer an unparalleled opportunity to study
population persistence in both natural and human-influenced settings. This study adds to
the growing body of literature that documents the genetic and demographic impacts of
isolation on population persistence. My research is distinguished by the degree to which

the populations that I studied are isolated, by the protracted length of the isolation period,
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and by the entirely natural mechanism of isolation operating on a scale that resulted in
numerous comparable populations distributed across a broad area. Many of my results
confirm the concerns that others have raised about the effects of smallness and isolation
on the persistence of vertebrate populations, but I have also demonstrated that long-term
persistence is sometimes possible in conjunction with greatly reduced genetic variation
and highly restricted spatial extent. The populations I studied are not thought to be at
short-term risk, making it realistic to undertake longer term studies of their demography
that will help to uncover the mechanism for the dependence on habitat quantity that is
reported here.

At the same time, these populations have been proposed as indicators of
watershed disturbance in southeastern Alaska, rather than the anadromous populations
that inhabit the same landscape. Anadromous fish spend a significant part of their
lifetimes in the ocean, and ocean conditions are thought to greatly influence population
fluctuations (Beamish & Bouillon 1993), possibly to the extent of swamping the effects
on population abundance of variation in freshwater habitat. Although Holtby and
Scrivener (1989) were able to isolate the effects of ocean conditions on population trends
in coho and chum salmon at Carnation Creek, British Columbia, the process required
detailed measurements of many demographic parameters that would be impractical to
gather on larger spatial scales. The difficulty of obtaining and interpreting such data is
the argument for using resident species or populations in preference to migratory ones as
indicators of local habitat conditions. By focusing on these previously little-studied
populations, my research provides some context for the interpretation of population

trends and monitoring data.
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Further, one must consider that southeastern Alaskan resident fish populations
which once might have been called marginal may now be among the healthiest in the
species range, and may perhaps become source populations for recolonization elsewhere.
Exotic species introductions have been very limited in southeastern Alaska, in sharp
contrast to much of the rest of the world, and thus these populations are less likely to
have been impacted by hybridization or selection due to interactions with invaders. This
could make them valuable reservoirs of genetic diversity for reintroduction programs, and
argues for deepening our understanding of the health, stability, and uniqueness of these
populations. Finally, through investigating the genetic structure of isolated fish
populations across the region, this study will be of value to natural resource managers
considering whether these populations should be considered to be ecologically significant

units (ESU's, sensu Waples 1991) and accorded corresponding protection.

TWEB INTERNSHIP

The final chapter of my dissertation derives from an internship I did with the
Tongass National Forest (U.S.D.A. Forest Service). At the University of Montana, I was
supported by an NSF Graduate Research Traineeship in the Training within
Environmental Biology (TWEB) program. This program required that students complete
an internship outside academia that did not duplicate their other research and that
provided opportunities for linking basic science with application. For my internship, I
participated in an interagency working group charged with establishing a monitoring and
evaluation program for the comprehensive management plan that governs all activities on

the Tongass National Forest (USDA Forest Service 1997). This plan, which was
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finalized at about the time I began my graduate program, was the first to include research
scientists as full members of the U.S. Forest Service planning team (Mills et al. 1998). A
centerpiece of the plan was a progressive conservation strategy based on a network of
reserves along with habitat protection measures governing development outside the
reserves. The scale of the plan — the Tongass National Forest covers 17 million acres,
including most of the southeastern Alaska panhandle, and is by far the largest National
Forest in the United States — and the emphasis on habitat conservation and ecological
sustainability distinguished this plan from all previous National Forest management plans
(Everest in press). Monitoring and evaluating the success of a natural resource
management policy at that scale was, and is, a formidable challenge, particularly because
the policy is implemented incrementally across space and time, and continues to evolve
while it is being evaluated. The monitoring questions asked of researchers tend to be
intractably large and complex by the standards of institutional science, and the timeframe
for answering them is short. An operational framework is needed to guide collaborating
natural resource managers and scientists towards monitoring activities that are both
meaningful and tractable. In my internship report, I offer such a framework, using the
Tongass National Forest conservation strategy as a case study of how the effectiveness of

large, distributed reserve networks might be most productively and efficiently evaluated.
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CHAPTER 2 — Natural Mechanisms of Population Isolation:

Salmonids and Uplift in Southeastern Alaska

ABSTRACT

Human activities often fragment habitat for other vertebrate species, and as a
result can create isolated populations at risk of extirpation or even extinction. However,
natural processes can also isolate populations, without any human intervention.
Flooding, fire, desertification, glacial advance, and vulcanism are among the natural
processes that can sever ties among previously interconnected habitats. For stream-
dwelling fish in southeastern Alaska, isostatic rebound has played this role, exposing
waterfalls along stream channels previously submerged beneath the sea, and leaving the
fish above isolated from upstream immigration. Radiocarbon dates for uplifted marine
sediments indicate that most post-Pleistocene uplift in the region occurred more than
8,000 years ago. To predict where present-day isolated fish populations might be found,
we used over 100 elevations of exposed marine sediments to map uplift across the region,
then identified fish habitat above waterfalls below the maximum uplifted elevations. We
evaluated these predicted locations for isolated fish populations by comparing them with
presence/absence data for 350 lakes blocked from upstream immigration. Uplifted
marine sediments are found up to 230 m (750’) above present day sea level, while the
highest isolated natural populations of lake fish are at 245 m (800°), closely matching the
predictions of our geological uplift model. We identified three uplift zones, ranging from
the mainland where the ice was thickest and isostatic rebound greatest, to the outer coast

where rebound was generally less than 60 m (195°). Lake fish populations were often

10
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found somewhat above the highest known uplifted sediments in a region, not surprisingly
since our lake fish inventory is larger and more systematically distributed than the
incidental observations of uplifted marine sediments. We modified our uplift model to
include the south end of Prince of Wales Island in the medium-uplift zone based on
medium-elevation isolated fish populations found there. This placement is consistent
with recent evidence that a large tongue of ice extended out of Dixon Entrance,
immediately to the south of Prince of Wales Island. Our uplift model predicts that
southeastern Alaska could contain hundreds of naturally isolated fish populations,
making the region an ideal laboratory to study the conditions under which small, isolated
salmonid populations are able to persist, with implications for population viability of

other species in other settings.

INTRODUCTION

As increasing exploitation of resources by humans leads to landscape
transformation, the availability of interconnected habitat for many species is increasingly
reduced, and the likelihood of local populations becoming isolated is correspondingly
increased. In the struggle to preserve global biodiversity, an understanding of the factors
that influence the persistence of small, isolated populations is a critical need. In light of
this, it might seem surprising that relatively few studies have attacked this question for
natural populations. On closer inspection, however, it is difficult to locate a truly isolated
natural population of terrestrial animals to study. Birds and aerial insects fly between
habitat patches. Even earthbound species thought to be trapped on remnant habitat

fragments cross apparently hostile terrain with sufficient regularity that they cannot be

11
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called truly isolated. This vagility makes it difficult to separate the influence of
migration on a population from the other factors that may constrain its persistence.
Stream fish are among the species most impacted by anthropogenic habitat
fragmentation (Martin-Smith & Laird 1998; Warren & Pardew 1998). In recent decades,
many populations have become isolated by activities such as dam building, road culvert
construction, and dewatering for irrigation. For stream fish, the conservation imperative
for understanding how they are affected by long-term isolation is great, yet the question
would seem to be difficult to study. Even a small amount of connectivity appears to
permit movement by stream fish (Adams et al. 2000), and they are notorious for their
readiness to quickly colonize or recolonize newly available habitat (Bayley & Osborne
1993; Larimore et al. 1959; Meffe & Sheldon 1990; Milner et al. 2000). For these and
other reasons, the literature makes almost no mention of attempts to address the
persistence question for stream fish in the absence of a metapopulation structure. In
southeastern Alaska, however, there appear to be large numbers of similarly sized, small
populations of native fish that are completely isolated from immigration. These
populations offer an unusual opportunity for study. Isolated fish populations occur in
other settings (Pister 1985; Waters & Wallis 2001) but naturally isolated stream fish
populations in southeastern Alaska are distinguished by at least three important
characteristics: (1) the setting they are found in is relatively pristine, so that natural
processes can be examined without the complications of anthropogenic influence; (2)
southeastern Alaska contains numerous isolated fish populations, allowing for study
replication and stronger inference; and (3) there is no immediate threat to the persistence

of many populations, making long term studies a viable option.

12
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Quaternary History of Southeastern Alaska

Nearly all of the Alexander Archipelago and associated mainland coast of
southeastern Alaska was covered by the Cordilleran ice sheet during the late Pleistocene
epoch, in contrast with conditions in the large Beringian refugium to the north and in
small glacial refugia immediately to the south on Haida Gwaii (Queen Charlotte Islands)
(Demboski et al. 1999; Heusser 1989; Moodie & Reimchen 1976). In southeastern
Alaska it is likely that only the highest mountains on the larger islands and a few portions
of the outer coast were ice-free during the glacial maximum (Heaton et al. 1996; Mann
1986). Upper limits of ice action range from 600 m along the outer coast to 1500 m at
the edge of the mainland (Falconer et al. 1958, cited in Heusser 1989). Limited evidence
for the existence of Pleistocene glacial refugia in this region includes animal remains
found in caves on western Prince of Wales Island (black and brown bears, Ursus spp.,
Heaton et al. 1996), and disjunct present-day plant distributions (subalpine fir, Abies
lasiocarpa, Heusser 1989). However, Worley and Jaques (1975) argued that the
distribution of subalpine fir is more suggestive of post-Pleistocene recolonization from
the south or the continental interior than of local coastal refugia.. Locations of possible
glacial refugia include steep-sided Forrester Island (Worley & Jaques 1975), on the outer
coast 26 km west of its nearest neighbor, and presently submerged portions of the
continental shelf that were exposed by lowered sea levels. The latter may have been
occupied or used as travel corridors by humans (Klein 1965; Rogers et al. 1990).
However, to date there have been no suggestions of freshwater fish refugia in

southeastern Alaska, and no relict fish populations have been identified south of Yakutat
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(the exception being a possible relict population of northern pike, Esox lucius, near
Yakutat, Senanan & Kapuscinski 2000). While the presence of relicts cannot be ruled
out, it is reasonable to expect that most freshwater fish populations in the region have
been established since the retreat of the Cordilleran ice sheet.

Absent refugia, the only source from which the streams lying wholly within
southeastern Alaska could have been colonized is the sea. (A few rivers, such as the
Stikine and Taku, penetrate the Coast Range and could have been colonized from
continental refugia, but their only connection to the remainder of Archipelago streams is
through saltwater.) Access to individual streams would have been determined by local
sea level. Relative sea levels in the region fluctuated dramatically following the retreat of
the Cordilleran ice sheet, determined both by worldwide eustatic variation and by local
isostatic rebound. Worldwide eustatic lowering of sea level during the last glacial
maximum, around 18,000 BP, was on the order of 120 m below present sea level
(Fairbanks 1989), exposing many continental shelves. The maximum extent of the
Cordilleran ice sheet was reached somewhat later. Barrie and Conway (1999) dated the
beginning of the retreat of the ice sheet to about 15,600 14C yr BP. (By convention,
radiocarbon dates without an associated error are uncalibrated and relative to 1950 A.D.
See Stuiver & Polach 1977.) Most glaciers in the Alexander Archipelago are thought to
have retreated rapidly to near their present positions by about 13,500 14C yr BP (Batrie
& Conway 1999; Mann & Hamilton 1995). Specific dates for the retreat of the ice from
various parts of the Archipelago range from 12,900-10,500 14C yr B.P. (Mann 1986).
Local dates of retreat given by Mann (1986) suggest an obvious west-to-east progression

for the retreat, but no similar pattern from south to north.
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Colonization by Salmonids

As a group, salmonids embody many of the traits that'characterize successful
colonizers, including reproduction at an early age, high fecundity, generalist spawning
strategies, high vagility, and high tolerance for the kind of conditions found in recently
disturbed settings, such as turbid water. Milner and Bailey (1989) examined five streams
in Glacier Bay, Alaska that were exposed by retreating glacial ice from zero to 150 years
earlier, all of which had already been colonized by one or more species of salmonids.
Dolly Varden char (Salvelinus malma) were the most ubiquitous colonists, being found in
all streams where other fish species were detected and on all occasions when other fish
were present. In contrast, cutthroat trout (Oncorhynchus clarki) were recorded only in
small numbers in the stream that was oldest and farthest along in the successional
process. Other salmonids were intermediate between the two species in their
colonization pattern. Recent unpublished observations in additional streams confirm this
pattern (A. Milner, pers. comm.) 1t is likely that salmonids would have rapidly colonized
all available habitat in southeastern Alaska not long after the retreat of ice in the region.
It is rare to find a stream in the region today that has saltwater access but does not contain

Dolly Varden char, cutthroat trout, and one or more species of salmon.
Isolation of Fish Populations
Figure 2.1 illustrates the process of isolation. Following colonization,

isostatically depressed shorelines rebounded dramatically. Within southeastern Alaska,

marine transgressions of 50-230 m above present sea level indicate the magnitude of the
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apparent rebound (Mann 1986; Mann & Hamilton 1995). Actual rebound was even
greater, however, since the elevation of marine transgressions is reduced by the
concomitant eustatic rise in worldwide sea level. Between 13,000 and 9,000 14C yr B.P.,
evidence suggests a eustatic rise in sea level from —105 to —35 m below present
(Fairbanks 1989). For much of the region, isostatic rebound ran its course within a few
thousand years. Mann and Hamilton (1995) speculated that, in general, modern sea level
in southeastern Alaska was reached by 9,000 14C yr B.P., except where isostatic or
tectonic forces continued to be active. Riddihough (1982) believed that isostatic
movements on the west coast of Canada were largely complete by the early Holocene
(11,000 to 8,000 B.P.). However, eustatic rise of sea level continued into the middle
Holocene, so some shorelines should not be considered completely stable until about
5,000 B.P. In the time since, they have varied by only a few meters (Clague 1989;
Riddihough 1982).

Few data on sea level changes are available for southeastern Alaska, but a pattern
of high variability is evident. A marine transgression occurred on Heceta Island around
8,500 B.P., but no evidence of this event has been found on the west coast of Prince of
Wales Island, which lies immediately to the east of Heceta (Mobley 1988). Mann (1995)
and Mann and Hamilton (1986) described early Holocene marine transgressions of 50-
230 m above present sea level from a variety of locations within the Archipelago, with a
similar west-to-east pattern as is seen in northwestern British Columbia. Hicks and
Shofstal (1965) mapped emergence rates for the northern Alexander Archipelago during
the first half of the 20th century and found that uplift was greatest at the northern end of

the Archipelago, almost 4 cm/yr in Glacier Bay, decreasing to as little as 0.15 cm/yr near
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Kake in the center of the Archipelago. For the mid-Holocene, Mobley (1988)
summarized 21 carbon-dated marine deposits ranging from 1-70 m above sea level.

In general, absent detailed local geological history or evidence of recent barrier
formation, we can expect the isolation of fish populations on most islands in southeastern
Alaska to date to about 9,000 B.P. (Clague et al. 1982; Mobley 1988) and even in unusual
cases to at least 5,000 B.P. (Clague 1989; Riddihough 1982). Also, we would expect to
find no populations in waters that are not continuously connected to the maximum

historical elevation of marine transgressions.

Objectives

Our overall objective was to identify a set of naturally isolated, small populations
that would allow us to study the factors affecting long-term population persistence, using
salmonids historically isolated above waterfalls in southeastern Alaskan. Because we
were interested in very small populations, we focused our attention on headwater
drainages that did not include ponds or lakes (since those should support much larger fish
populations). However, we also collated data about fish presence. in lakes to test our
predictions. Our specific objectives were: (1) to develop a map of Holocene uplift for
southeastern Alaska; (2) to predict locations where one would expect to find isolated fish
populations, based on the uplift map and GIS hydrography for the region; and (3) to test
these predictions using the presence or absence of natural fish populations in isolated
lakes. We then used our uplift model to characterize the set of predicted locations where

isolated stream fish populations would be expected.
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METHODS
Study Area

Southeastern Alaska is a distinct ecoregion that comprises the Alexander
Archipelago and the associated mainland coastline. It is bounded on the west by the open
Pacific Ocean and on the east by a nearly unbroken range of mountains. To the north, the
Archipelago comes to an end and is replaced by sweeping sandy beaches. On the south,
the Archipelago stops at Dixon Entrance, a broad body of water that approximately
defines an ecotone representing the northern limit of a number of terrestrial species.
McPhail & Lindsey (1986) identified the Stikine River, which flows westward to the
ocean about halfway up the Tongass, as transitional between the Columbian ichthyofauna
to the south and the Bering icthyofauna to the north.

The mainland coast here averages about 50 km in width, as measured from
saltwater inland to the peaks of the Coast Range, which form the boundary between
Alaska and Canada. The region covers approximately 500 km of latitude and 150 km of
longitude, and it includes over 22,000 islands by one estimate (USDA Forest Service
1997). It is steep, rugged terrain partitioned by deep fjords, with a temperate rainforest
climate dominated by the frequent arrival of storms off the North Pacific. Rainfall ranges
from 130 - 600 cm/yr (Alaback 1995), feeding a network of about 72,000 km of mapped
streams, of which approximately half are considered fish-bearing (USDA Forest Service
1997). Streams within the Archipelago tend to be very similar to one another: wooded,
short, steep, bedrock-controlled in their upper reaches, and subject to similar hydrologic
regimes. Virtually every stream is inhabited by fish, chiefly salmonids, in its lower

reaches. With a very few exceptions, most fish species present in the Archipelago are
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found throughout the region (Morrow 1980). For the purposes of this study, it is
noteworthy that there is an extensive geographical database available for the entire region
that is particularly rich in hydrological information and landform characteristics relevant

to the study questions.

Uplift Model

We used present-day elevations of uplifted glaciomarine sediment deposits to map
Holocene uplift across southeastern Alaska. For this study, we did not collect any new
records of glaciomarine deposits; rather, we surveyed the published literature and
interviewed scientists currently investigating the recent geological history of the region to
compile a comprehensive list of all known locations of uplifted glaciomarine deposits
(Appendix 1). To determine the range of uplift for each area within the region, we
grouped these locations into approximate spatial clusters. Within each spatial cluster of
data points, we considered the maximum recorded uplift value as the minimum amount of
uplift expected for that area. Because of the paucity of records of uplifted glaciomarine
sediments throughout this large region, however, we were only able to distinguish three
uplift zones.

To establish the time when sediments were originally deposited, we used
radiocarbon dates for shell, or sometimes wood, fragments found within or above the
glaciomarine sediments. We report conventional radiocarbon ages (i.e. uncalibrated and
relative to 1950 A.D.; Stuiver & Polach 1977). The time of deposition of the sediments

establishes the maximum amount of time that could have elapsed since a site at that
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elevation emerged from the sea. To avoid confusion with earlier uplift events, we

considered only marine sediments deposited during the Pleistocene.

Upstream Migration Barriers

To identify upstream migration barriers across the region, we started with an
existing GIS barrier layer created by examining aerial photographs of the Tongass
National Forest to detect apparent geological discontinuities along stream channels (GIS
“barriers” layer, Tongass National Forest,1999). We added hundreds of barriers to the
layer by reviewing all available written stream surveys conducted by state and federal
agencies between 1950 and 2000; the primary objective of these surveys was generally to
determine the upstream limit of anadromous fish presence. Our intent was to consider
only barriers that permanently block all upstream migration by all fish species found in
this region, as defined by USDA Forest Service (2001a: 22.6, Exhibit 01, p. 14).
Although we ground-truthed only a small percentage of the barriers identified by
previous surveys, we are confident based on that experience that most of the barriers
identified do indeed block fish. We eliminated, for obvious reasons, any barriers where
anadromous fish were reported upstream. In addition to individually mapped barriers, we
also considered stream segments mapped in three channel types to be de facto upstream
movement barriers. These channel types were: HC5 and HC6, non-incised and incised
channels that have minimum gradients of 15% but generally steepen rapidly beyond that
point; and MC3, a 6-15% gradient bedrock-controlled channel type that almost invariably

includes frequent stepped cascades (USDA Forest Service 1992). Elevation at the top of
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all mapped and de facto barriers was visually estimated to the nearest 25° (7.5 m) from

mapped 100° (30 m) contours derived from a 60m digital elevation model (DEM).

Isolated Lake Fish Populations

Presence/absence of natural fish populations in lakes was determined from lake
survey files maintained mostly by the Alaska Department of Fish and Game. Lake
surveys were conducted during the period 1950-1990, using a variety of methods
(minnow trap, gillnet, fyke net, rod & reel, and visual observation). Surveys generally
attempted to distinguish natural from stocked populations, although unrecorded stocking
undoubtedly occurred in the region and could confound some reports. Dates of stocking
events and the results of later surveys to establish their success were sometimes available.
We used barrier information in both the lake survey files and the Tongass GIS to
establish which lake populations were isolated. Outlier records of populations at
extremely high elevations were inspected and removed from the data set wherever recent
concentrated human access or recorded stocking activity provided circumstantial
evidence for artificial translocations. The elevations of natural fish populations in lakes
above barriers were used to test the predictions of our uplift model, i.e. that fish would
not be expected in lakes with barriers above the local maximum uplift elevation. Also,
while it was not an explicit objective of this study, the lake fish presence/absence data
also offered the opportunity to establish the maximum elevation at which natural and

stocked fish (not merely isolated populations) are present in southeastern Alaska.

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Identification of Predicted Sites for Isolated Stream Fish Populations

We considered any fish habitat above a barrier that was not higher than the local
maximum predicted post-Pleistocene sea level to hold potential for supporting an isolated
fish population. We used the Tongass National Forest’s GIS “streams™ layer — which
was generally derived from aerial stereo photointerpretation, supplemented by extensive
ground truthing -- to locate fish habitat above barriers. We used GIS stream channel
type attributes (minimum map unit = 100m of linear channel) to identify fish habitat. All
mapped stream segments of channel types other than the highest gradient channel types
(HC5, HC6 and MC3) were considered capable of supporting fish (USDA Forest Service
1992).

Elevation to the nearest 25° (7.5 m) was visually estimated for the top of all
mapped and de facto barriers, using mapped 100’ (30 m) contours derived from a 60m
digital elevation model (DEM). We measured the amount of fish habitat (to the nearest
50m) above any barriers whose top elevation did not exceed the maximum predicted
amount of uplift for the zone they were in, continuing to the upstream limit of fish habitat
or to the next barrier whose top elevation was above the maximum uplift elevation.

Because of GIS limitations, we were required to examine the database manually
for instances of stream fish habitat above barriers, and thus did not attempt to identify all
such instances. We restricted our examination to the northern and central portions of the

Archipelago because of the greater accuracy of steam data for these areas.
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RESULTS
Uplift Model Based on Geological Evidence

We located 81 previously published records of either post-Pleistocene uplifted
glaciomarine sediment deposits or landforms indicative of historical shorelines. An
additional 39 unpublished records of sites with evidence of uplift were contributed by
archaeologists and geologists of the Tongass National Forest (Appendix 1). The highest
known glaciomarine deposit in southeastern Alaska is at 230 m (750°) ASL on the
mainland near Juneau. Broadly speaking, documented uplift is greatest at the northern
end of the archipelago, and greater near the mainland than the outer coast. This pattern is
consistent with the expectation of greater ice sheet thickness over the mainland than the
islands. Undoubtedly there was significant local variation in ice sheet thickness
throughout the region and consequently in subsequent isostatic rebound (D. Swanston,
pers. comm.), but the sparseness of the glaciomarine sediment deposit record in
southeastern Alaska does not allow for interpretation at this scale. Instead, we chose to
delineate three uplift zones for the region (Figure 2.2).

We placed all of the outer coast islands in the first uplift zone. No uplifted marine
sediments were found at greater than 20 m (66”) ASL in this zone, so we believed that
uplift herg was likely to be generally less than 30 m (bearing in mind that 20 m would be
a lower limit on the amount of uplift for this zone). In the second zone, we placed the
mainland west of Lynn Canal and the remainder of the islands. Twelve of 25
documented uplift sites in this zone exceeded 30 m ASL, and five of those exceeded 60
m ASL. The maximum uplift noted was a rough estimate of 90 m ASL for one site on

Revillagigedo Island near the mainland, so we believe that uplift in the intermediate zone
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was generally less than 100 m. The remaining, high-uplift zone consists of the mainland
east of Glacier Bay, along with the Lynn Canal area, Douglas Island near Juneau and the
Mansfield Peninsula at the north end of Admiralty Island. The latter two areas are
included in this zone because they are geologically associated with the Lynn Canal
mainland. As well, both contain uplift sites well above 100 m ASL, and the Mansfield
Peninsula in particular includes a well authenticated uplift site at 213 m (695°) ASL
(Miller 1973b), setting it clearly apart from islands in the intermediate zone.. Nine sites
in the high-uplift zone were above 100 m ASL, at elevations ranging from 106 to 230 m
ASL. We believe that 230 m is a reasonable estimate for the maximum amount of uplift

in this zone.

Isolated Lake Fish Populations

Information about fish presence was available for 531 lakes in southeastern
Alaska, of which 269 are known to be isolated from saltwater by upstream movement
barriers. Surveys conducted during the period 1951-1994 found apparently natural
populations of cutthroat trout and/or Dolly Varden char in 113 of the 269 isolated lakes
(42%). The highest lake with a natural, isolated fish population was Boundary Lake (247
m or 804’ ASL), in the Taku River drainage on the mainland near the Canadian border.
This and other high elevation lakes (over 150 m ASL) were inhabited mainly by Dolly
Varden. Scenery Lake, on the mainland near Petersburg, contained Dolly Varden at 295
m (962°) ASL, but the migration barrier was further downstream, at 215 m ASL. The
highest reported population of cutthroat trout, as well as threespine stickleback

(Gasterosteus aculeatus), was in Saks Lake (176 m or 574° ASL), also on the mainland
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near the mouth of the Unuk River. The only other native fish populations reported from
isolated lakes were sculpin (Cottus spp.) and kokanee (Oncorhynchus nerka, both from
lakes at 110 m ASL and below. No native fish were detected in any of the 128 surveyed
lakes above 247 m ASL. Because we found no fish populations above this elevation and
numerous populations below, we are fairly confident that 245 m ASL represents the
approximate upper limit at which native fish populations are sustained in southeastern
Alaska. Lakes above that elevation may contain fish, but only if those fish have access to
lower elevations through continuously connected stream habitat.

Stocking attempts, from 1921 onward, were reported for 201 lakes, 33 of them
above upstream migration barriers. The majority of stocking attempts were in two areas,
on Baranof Island south of Sitka and within an 85 km radius circle centered on
Ketchikan, with smaller clusters near Juneau and Petersburg-Wrangell. Interestingly,
there are at least a few records of stocking for virtually every species known from the
region, although some of those events were accidental when a non-target species was
unintentionally introduced at the same time as a target species. Non-native species
known to have been stocked in southeastern Alaska lakes include eastern brook trout
(Salvelinus fontinalis) and arctic grayling (Thymallus arcticus). Rainbow trout or
steelhead (Oncorhynchus mykiss) are naturally present in the region in streams and lakes
connected to saltwater, and have been widely stocked in isolated lakes as well. A single
unstocked isolated lake population of rainbow trout was reported from the eponymously
named Rainbow Lake on the Cleveland Peninsula, but it is entirely possible and rather
likely that this population was actually the result of an unreported stocking event. The

highest elevation where stocking efforts were reported as successful was Lake Dorothy in
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the Taku River drainage (952 m ASL), where an isolated population of eastern brook
trout stocked in 1921 continues to thrive (Table 2.1). This represents the known, regional
upper elevation limit of fish persistence when species and mechanism of colonization are
not considered, although the limit could be even higher since no unsuccessful stocking
attempts were reported from any higher elevations. As predicted, this elevation (952 m

ASL) is substantially higher than that of the highest natural population of any species.

Uplift Model Based on Biological Evidence

The highest natural, isolated, lake fish populations were all below 245 m, which is
consistent with the maximum uplift of 230 m documented with geological evidence.
Furthermore, the highest populations were generally found on the mainland, which is
consistent with the evidence that uplift was greatest near the mainland. In the
“Mainland” uplift zone, the highest of 39 reported isolated lake fish populations (247 m
ASL) was within the expected elevation range for that zone. The elevation range for the
“Inner Islands” uplift zone was likewise generally supported by the 34 reported isolated
lake fish populations, with only two populations (one at 107 m ASL on Admiralty Island,
and one at 115 m ASL on Kupreanof Island) slightly higher than would be predicted from
the geological evidence.

However, along the Outer Coast, isolated fish populations were reported from a
number of lakes well above the 30 m ASL we expected, based on the available geological
evidence. On Baranof and Chichagof Islands, lakes with fish above 60 m ASL were
reported from four drainages. On southern Prince of Wales Island, three lakes were

reported with isolated fish populations at 75-125 m ASL. No marine sediment deposits
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have yet been found in these areas — the marine sediment dataset and the lake fish dataset
are both relatively sparse and uneven across the region — so we cannot say whether the
lake fish data conflict with the geological data. Because of this uncertainty, we have
constructed a second map of uplift zones that incorporates the additional information
provided by the elevations of isolated lake fish populations (Figure 2.3).

Differences between the two uplift maps are summarized in Table 2.2. The
differences are both quantitative and qualitative: the biological evidence suggests greater
uplift in general; and in a few areas there is evidence that it has been differentially greater
than is supported by the distribution of known uplifted glaciomarine sediments. The data
points in the set of isolated lake fish populations are both more numerous and more
evenly distributed across the region. The fact that isolated lake fish populations occur at
higher elevations in general than the record of uplifted glaciomarine sediments would
suggest is likely due to undersampling of the latter. In other words, we expect that
uplifted sediments would be found at higher elevations if more effort were expended.
The explanation for the qualitative differences between the two uplift maps is discussed
below; however, it is important to note that both datasets are sparse, given the size and

topographic complexity of the region and its history.

Time of Isolation
Of the sites with uplifted marine shell deposits, 57 (47%) are accompanied by a
radiocarbon date that records the time that the deposit was laid down in a marine
environment (Figure 2.4). Regionwide, the dates range from 7,130+/-115 to 13, 450+/-

190 BP (measured radiocarbon date). These dates place a bound on the maximum length
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of time elapsed since a site was under saltwater. The fact that there are no dates less than
7,000 BP indicates that post-Pleistocene isostatic rebound had largely tapered off
regionwide by that date. Many submerged areas would have emerged from the sea much
earlier.

From the larger dataset of radiocarbon-dated, exposed glaciomarine sediments,
we selected the most recent date found in each 15 m vertical elevation band and regressed
it on log-transformed elevation to produce a formula for predicting the time that a given
elevation emerged from the sea during Holocene uplift (Figure 2.5). This regression was
highly significant (p = 0.00004). Although data points at different elevations were drawn
from different parts of the region for this regression, the unambiguous relationship
between elevation and sediment deposition date suggests that a single formula for

estimating isolation time can be applied regionwide (Hastings 2005, ch. 4).

Isolated Stream Fish Habitat

For the central third of the Archipelago, we identified 593 sites where fish habitat
was available above a barrier. This set of sites is incomplete, as we were specifically
looking for sites well below the maximum predicted uplift elevation and with very small
amounts of habitat above the barrier. We did make a complete examination of four
representative islands (Table 2.3), and found approximately one site with isolated fish
habitat in the uplift zone for about every 2000 ha of land area. This figure would be
somewhat less for the mainland and northwestern portion of the Archipelago because of
the steeper topography there; isolated stream habitat in those regions is more often at too

high an elevation to expect fish to be present. The linear amount of mapped fish habitat
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above these barriers ranges from 100 m (the minimum map unit size for stream channel

types) to over 35 km, with sites well-distributed across the entire range.

DISCUSSION
Uplift Models
The general pattern of increasing uplift from the outer coast toward the mainland
was supported by both geological and biological evidence. However, we were initially
surprised to find reports of fish at such high elevations on the outer coast and especially
the southern end of the Archipelago. Recent bathymetric mapping has revealed the
existence of submerged glacial troughs at the mouths of the major inland marine
waterways of southeastern Alaska, and suggested that Pleistocene glaciation extended as
far west as the western edge of the continental shelf (Carrara et al. 2002). Dixon
Entrance, which forms the southern boundary of southeastern Alaska, was apparently
entirely filled with ice that extended more than 50 km west of present-day shorelines. If
that were the case, the ice could easily have been thick enough at the southern end of the
Archipelago to explain the existence of uplifted, isolated populations at the elevations
reported there. The amount of rebound suggested by the higher lake fish populations
implies ice thicknesses of more than 1 km for the inner islands (T. Ager, pers. comm.),
which is consistent with evidence of ice thickness from glacial trimlines (Mann 1986)
and from high elevation deposits on Prince of Wales Island of glacial till (Mann 1986,
citing Swanston 1969).
At the north end of the Archipelago, a glacial trough at the outlet of Chatham

Strait could explain the presence of high elevation lake populations at the southern end of
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Baranof Island, the other area where lake fish were found at higher elevations than
predictions based on uplifted marine sediments. Glaciomarine sediment deposits are,
however, far more conclusive evidence of uplift than the presence of isolated fish
populations that could arguably have other origins. Strandflat topography on the outside
of Baranof Island is another indication that uplift could be as much as 75 m on this
portion of the outer coast (Reed & Coats 1941), but this too is less conclusive evidence
than actual glaciomarine deposits. For the moment, both of the uplift models we present

should be thought of as valid hypotheses in need of further testing.

Uplift as a Mechanism of Isolation

Isostatic rebound may function as a mechanism of isolation in other high latitude
regions of the Northern Hemisphere. The Cordilleran ice sheet extended through
southcentral Alaska to the Alaska Peninsula. Kodiak Island, in particular, has a similar
Quaternary history to southeastern Alaska. The entire island was covered with ice except
for a few nunataks and portions of the coastal plain. Further to the east, the enormous
Laurentide ice sheet covered what is now northern Canada to a thickness of up to 5 km
(Pielou 1991), and even today the land around Hudson Bay is rebounding at 1 cm/year
(Tushingham 1992). The Fennoscandian ice sheet covered the Baltic region to a depth of
3 km (Peltier 1994); present-day uplift rates in Finland and Norway are comparable to
that found for Hudson Bay. The British Isles were capped with the smaller Scotland ice
sheet. Western Scotland has risen at an average of 0.16 cm/yr over the last 4000 years

(Shennan & Horton 2002). Other significant ice sheets covered parts of Greenland,
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Iceland, and Siberia. Smaller ice caps were present in the Southern Hemisphere in New

Zealand (Newnham et al. 1999) and Patagonia (Bevis et al. 2002; Ivins & James 1999).

Isolated Fish Populations

Our objective in developing a model of Holocene uplift in southeastern Alaska
was to set an upper bound on the location where isolated populations of stream-dwelling
fish might be found. From the standpoint of looking for isolated populations, the search
should include sites up to the highest elevation predicted by the least conservative model.
However, in a companion paper (Hastings 2005, ch. 4), we sought to understand the
factors determining persistence of isolated populations by specifically looking for sites
where isolated populations had failed to persist. In that case, we used the lowest
predicted amount of uplift as the upper bound on our search, to avoid the possibility of
considering a site where fish could never have reached as a site where they had colonized
but failed to persist.

Nonetheless, either uplift model supports the potential for hundreds of sites across
southeastern Alaska where isolated fish populations may be found. These populations
were all founded during the Holocene, and most would have been founded about 9,000-
10,000 years ago, according to predictions about when uplift should have stabilized for
most of the region (Clague et al. 1982; Mobley 1988). The rugged topography of
southeastern Alaska, the many areas still largely unimpacted by the region’s relatively
small human population, and the plentiful availability of larger salmonids close to and in
saltwater all contribute to the likelihood that many isolated populations of stream-

dwelling fish have not been substantially affected by anthropogenic activities. These
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populations offer an unparalleled opportunity to study the effects of isolation on small
populations, particularly over longer timespans than are practical for manipulative

experiments.
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Table 2.1. Highest reported elevations, by species, for isolated natural and
stocked lake fish populations in southeastern Alaska. All migration barriers are
directly below the lake outlets, except for Kokanee, where the lake is upstream of

the barrier at 145 m (472”) ASL.

Species Origin Elevation of Migration Barrier (ASL)
Cutthroat trout Natural 176 m (574")
Dolly varden char Natural 247 m (804")
Kokanee Natural 107 m (350"
Sculpin spp. Natural 107 m (350"
Threespine stickleback  Natural 176 m (574"
Arctic grayling Stocked 601 m (1959")
Eastern brook trout Stocked 952 m (3100
Rainbow trout Stocked 606 m (1973")
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Table 2.2. Differences between uplift model for southeastern Alaska developed from
geological evidence (uplifted marine sediments) and from biological evidence (isolated
lake fish populations). “Low”, “Medium” and “High” refer to the relative amount of
post-Pleistocene uplift. Lake populations are lakes that currently contain isolated natural

populations of at least one species of native fish. All elevations are ASL.

Amount of  #ofLake  Highest Lake Mean Elevation of
Uplift Zone Uplift (m)  Populations  Population Lake Populations

Geological Model

"Low" <30 39 140 m (458°) 52 m (168°)

"Medium" 30-100 36 138 m (450%) 54 m (175%)

"High" 100-230 38 247 m (804°) 89 m (290°)
Biological Model

"Low" <75 25 76 m (249’) 47 m (152°)

"Medium" 75-140 50 140 m (458’) 56 m (181°)

"High" 140-245 38 247 m (804°) 89 m (290°)
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Table 2.3. Number of sites identifed from GIS data with fish habitat
isolated above upstream movement barriers, for four representative islands
in the intermediate uplift zone of the central Alexander Archipelago.
"Within uplift zone" refers to sites where the barrier is below the
maximum predicted uplift for this area, based on the uplift model derived
from biological data. Within the uplift zone, approximately one isolated

site was identified for every 2000 ha of land area.

Isolated sites Isolated sites
Island Area (ha) within uplift zone above uplift zone
Kupreanof 279,550 139 76
Kuiu 194,654 106 74
Mitkof 54,299 23 40
Zarembo 47,580 20 29
35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



