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Patterns and Causes of Arctic Plant Community Diversity 7

of thermal energy to arctic ecosystems has been a major theme of every
comprehensive treatment of these ecosystems (Billings 1974; Ives and Barry 1974;
Yurtsev et al. 1978; Aleksandrova 1980, 1988; Chernov 1985; Bliss and
Matveyeva 1992). Young (1971) noted that within the Arctic: (1) there is a
decrease in overall vascular plant species diversity from south to north, (2) the
overall flora is similar throughout relative to other biomes, (3) the vegetation
structure is similar throughout, and (4) there are few species endemic to the most
northerly regions, although there are some truly arctic species-(see, for example,
Beschel 1970; Murray 1992). Young also noted that the northerly floras are
primarily depauperate subsets of the southerly floras, indicating that competition
is an unlikely factor explaining the lack of species in northerly areas. Young
proposed that latitudinally decreasing species diversity could be explained solely
by the sum of mean monthly temperatures for all months in which the mean is
above 0 °C. This measure is similar to but less precise than thawing-degree days,
which represent an annual sum of biologically useful heat (thawing-degree days
are the sum of mean daily temperatures for all days when the mean is >0°C).
Mean annual temperature is not as well correlated with species numbers, because
low winter temperatures do not necessarily exclude species, and annual means
are heavily weighted by winter values.

Young’s hypothesis, which was a statement of correlation rather than mechan-
ism or cause, has yet to be refuted, and further studies have supported it. Rannie
(1986) made a direct test of Young’s supposition that summer temperature is the
only variable needed to predict vascular species diversity. Using published
floristic data from 38 localities in the Canadian Arctic, she showed a remarkably
high correlation between July mean temperature, July degree-days >0°C, and
July degree-days > 5 °C, with these various measures explaining 94—95% of the
variance in species diversity (Fig. 1.). Temperature had a slightly better correla-
tion with diversity than did degree-days, but the strong correlation between
temperature and degree-days makes it impossible to isolate one or the other as a
more important casual agent. Although the surveys that went into Rannie’s
analysis were based on different areas, they were all large enough that the
species-area relationship was of minor importance. This is an example of why the

No. of Species
[=9
o
o

0I T T T T 1 T
o 2 4 6 8 10 12

July Mean Temperature (C°)
< - v

o iV 1L

~

July Mean Temperature (C°)

Fig. 1. Correlation between July mean temperature and number of species for local floras of the
Canadian Arctic Archipelago. (Redrawn from Rannie 1986 with permission of the Arctic
Institute of North America)

8 M.D. Walker

local flora concept may be more useful for comparative purposes than strict equal
area comparisons.

At a finer scale, D.A. Walker (1985) divided the Prudhoe Bay region into three
zones following a steep coastal-inland temperature gradient of decreasing tem-
perature, and examined the size of the vascular flora and its distribution
according to a zonation system developed by Young (1971). Young divided the
Arctic into four zones based on northernmost limits of species distribution, so
that a species classified as zone 4 (the southernmost of the four zones) has its
northern limit somewhere in zone 4. The result of Walker’s analysis was an
increase in total number of species from 115 in the coastal zone to 188 in the
inland zone, a decrease in zone 1 and 2 species from the coast inland, and an
increase in zone 3 and 4 species in the same manner (Fig. 2).

The Taymyr Peninsula in Siberia offers almost an ideal gradient of summer
temperature from tree line to polar desert, with little change in relief, no difference
in winter temperature, and continuous continental landmass (Matveyeva, 1994).
The Taymyr is the only place on the globe that offers such a gradient without
complications such as islands, complex geology, and strong oceanic climate
influences. The diversity of vascular species in local floras of the Taymyr
decreases from about 250 in the south to about 50 in the north (Chernov and
Matveyeva 1979).

Other climatic gradients also influence diversity. The polar deserts of the
Canadian Arctic Archipelago and those of Siberia are both to the north of the
2°C July isotherm (Aleksandrova 1988). Both areas are mostly barren, with total
plant cover of less than 5%.The Canadian communities, on the Queen Elizabeth
Islands, are “dominated” by vascular plants, whereas in the Siberian communities,

80 [l Coastal (coldest)

[ Intermediate

[0 Inland (warmest)

Zone 1 Zone 2 Zone 3 Zone 4
® " Zone1 " "Zorné2  Zone3  Zoned '

Fig. 2. Number of vascular species in three climatic zones (coastal, intermediate, and inland) at
Prudhoe Bay, Alaska, according to Young’s (1971) zones of northern limit. Zone 1 species have
their northern limit in the polar deserts, and zone 4 species have northern limits in the Low
Arctic. Data from D.A. Walker (1985)
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on Cape Cheluyskin of the Taymyr Peninsula, lichens and mosses dominate
(Matveyeva 1979; Bliss and Svoboda 1984; Aleksandrova 1988; Bliss and Mat-
veyeva 1992). Differences in precipitation and possibly summer fogginess are the
most likely causes of these differences; mean annual precipitation is 100—250 mm
in the Asian sites versus only 75—150 mm in the North American sites (Bliss and
Matveyeva 1992), although a comprehensive comparative treatment of the two
systems has not yet been completed.

1.3.2 Gradients of Geological History

Perhaps the most significant historical event in the Arctic has been the series of
glaciations that have occurred there over the past million years (Péwé 1975).
Although most land areas were covered by large continental glaciers, with only
small localized nonglaciated areas, such as nunataks, available as refugia, most of
Beringia, covering what is now northern Alaska and the Chukotka Peninsula of
eastern Russia, was an extensive, arctic, ice-free area (Hopkins 1967). Lowered sea
levels exposed much of the continental shelf between Asia and North America,
making a large, contiguous ice-free zone. The modern flora of Beringia is
disproportionately high, with a greater number of endemics relative to other
arctic areas.

The Beringian species, defined as species that are either endemic to some region
of what was the Pleistocene ice-free zone or those that have North American-
Asian distributions, and which add to the richness of the Beringian flora, do not
dominate the modern communities, but instead are mostly found in special-
ized habitats with good drainage and often southern exposures (Yurtsev 1982;
D.A. Walker 1985; M.D. Walker 1990). M.D. Walker (1990) compared the
continental distributions of species that occurred only on pingos’, a relatively
rare habitat which offers good drainage on the otherwise flat wet coastal plain of
Alaska, with those species that occurred on pingos but were also found in other
more common local habitats. Seventy-one percent of the species that occurred
only on pingos had distributions restricted to either Asia and North America,
only North America, or only Alaska and the Yukon, with the remaining 29%
being circumpolar or nearly so in distribution, whereas the widespread species
had 54 and 46% of their species in these respective categories.

Geological history also influences finer scale patterns. When two southern
Arctic Foothills, Alaska, landscapes were compared, which differed in their time
since release from glaciation but which had the same macroclimate and degree of
topographic relief, there was less richness and evenness of vegetation community
types on older landscapes (D.A. Walker et al. unpubl. data; Table 1). The causes
of the observed differences in diversity are likely related to those observed in other

! Pingos are ice-cored, dome-shaped hills ranging in height to as much as 50m, although
normally less than 15m, and in basal diameter to as much as 1000 m, although normally less
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! Pingos are ice-cored, dome-shaped hills ranging in height to as much as 50m, although
normally less than 15m, and in basal diameter to as much as 1000 m, although normally less
than 300 m. They have constant initial substrate, although zoogenic, pedogenic, and cryogenic
processes tend to increase microsite substrate differences over time (D.A. Walker et al. 1985).

—_
=]

the Itkillik I drift is approximately 50ka, and

300-500Ka) in age,

Table 1. Richness and evenness of community types on three differently-aged glacial drift surfaces, southern Arctic Foothills,
Alask Alaska. The Sagavanirktok drift is broadly mid-Pleistocene (

Table
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data are from D. A. Walker et. al (1989 an

the Ttikillik TI drift is approximately 10 ka (Hamilton 1986). Vegetation
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The denominator is the maximum value for H’; as the maximum approaches the actual value, the types are

more evenly distributed.

M.D. Walker
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glacial landscapes over shorter time sequences — that diversity initially increases
and then declines as dominance patterns develop (Zollitsch 1969; Reiners et al.
1971; Matthews 1992). Eriophorum vaginatum tussock tundra is the dominant
community type in these landscapes. Although shifts in species dominance
related to moisture and nutrient conditions cause visual variation among tussock
tundra stands, its among-sample compositional similarity is consistently high,
and its species diversity is low (M.D. Walker et al. 1994). The development of
tussock tundra is dependent upon the process of paludification, with develop-
ment of a Sphagnum moss layer resulting in cold soils, decreased depth of thaw,
decreased nutrient availability, and increased soil moisture (Jorgenson 1984). A
dense canopy of shrubs and tussock grasses forms within this moss layer. The
Arctic Foothills pattern is not a simple successional sequence, however, since
even the oldest sites would have experienced glacial climates during subsequent
advances. The older landscapes were probably sparsely vegetated during the
glacial intervals, and the presence of at least some vegetation and soil there,
coupled with the existence of an established hydrologic pattern, one of the first
geomorphic patterns to appear following deglaciation (Matthews 1992), may
have given the older landscapes an “edge” in development.

1.4 Distribution of Species in Communities: The Third Set of Filters

The final set of filters through which a species passes are those within the local
landscape. Once a species has found its way into the local flora or landscape, its
distribution and abundance there will depend on its internal constraints and their
interaction with the environment and its interaction with other species.

1.4.1 Gradients of Biological Interaction

A recurrent theme in the literature of arctic vegetation is an apparent lack of
well-structured communities in the most severe arctic environments, which early
work explained as reflecting a lack of competition in those environments (Griggs
1934; Savile 1960). These visual impressions were based on visits to high arctic and
polar desert areas and were not backed by data or analyses, and the actual role of
competition in shaping high arctic communities remains unknown. Even with very
few species, competition for safe seedling establishment sites may be intense, and
may effectively control what species are present in a region. Rather than invoking
competition, or lack thereof, as an important mechanism, it is probably more
fruitful to consider the gradient from the southern to northern Arctic as a gradient
of potential biological interaction. As both the number of species and the ecosystem
productivity decrease, the potential for biotic interaction should also decrease,
making physical factors increasingly important. In the north, thermal energy, an
Important limiting factor not subject to competition, takes on a greater and greater
role, until it finally overwhelms all other factors. Although any locality will have

some degree of rin'croclimatic variahiljtv that will cantral eneciee dictrihntinne aa
making physical factors increasingly important. In the north, thermal energy, an

important limiting factor not subject to competition, takes on a greater and greater
role, until it finally overwhelms all other factors. Although any locality will have
some degree of microclimatic variability that will control species distributions, as

12 M.D. Walker

temperature becomes increasingly important, the role of secondary environmental
gradients in shaping communities should decrease.

Because community diversity is a function of the total number of species
available, we expect community diversity at the landscape level to decline as the
number of species declines. The number of possible combinations of  species in a
single space is 2" — 1. Assuming a local flora of only 100 species, there would be
1.27 x 103° possible combinations of species. In practice, the concrete members of
an association have an average similarity of about 50% (Gauch 1982), and the
actual number of community types will be far less than this theoretical maximum.
Nonetheless, this mathematical relationship indicates that as the total flora
decreases, the number of potential community types should also decrease, and
the degree of similarity between stands should increase. This effect should occur
independently of biological or physical factors that may effect species and
community distribution. This also leads to a specific testable hypothesis, i.e., the
presence of any other pattern indicates that factors other than simple flora size
are influencing community distributions.

The importance of competition versus individual species’ response to gradients
in shaping communities is difficult to quantify, and there has been little experi-
mental work on this question for the Arctic. I used north- and south-facing slopes
of pingos in the Prudhoe Bay and surrounding regions as microcosms of larger
climatic gradients (M.D. Walker 1990). Temperature differences on these oppos-
ing surfaces are equivalent at least to a gradient from Low to High Arctic. From a
sample of 41 pingos, overall (gamma) vascular species diversity was lower on
north-facing slopes (92 total species on north-facing slopes versus 140 species on
south-facing slopes), as was average alpha diversity (mean of 14 versus 18 species)
and beta diversity (sum of SD units for four DCA ordination axes 9.0 versus 14.3).
Ordinations of north-facing slopes also had lower eigenvalues, indicating noisier
patterns in the floristic gradients, and there were fewer and weaker relationships
between environmental variables and ordination axes. The first axis of the
north-facing slope ordination was significantly rank correlated with five environ-
mental variables, with a mean rank correlation coefficient of 0.378; the south-
facing slope axis was correlated with six environmental variables, with a mean
rank correlation coefficient of 0.443. Although it is clear from the ordinations that
factors other than temperature are affecting community composition on both
north- and south-facing slopes, it is also clear that there is an apparent increase in
“randomness” to the distribution of species on north-facing slopes, which might
be explained by a decrease in the importance of competition on these slopes.

1.4.2 Habitat Diversity

The mosaic of habitats present on a landscape at a point in time are a result of
disturbances at all spatial and temporal scales, including those of geological
proportion (Table 2). Although disturbance is a primary factor in shaping any
landscape and therefore the diversity of that landscape (During et al. 1988), the

Arctic differs from other bllome in having a oreat divercitv of meenceale natterng
disturbances at all spatial and temporal scales, including those of geological

proportion (Table 2). Although disturbance is a primary factor in shaping any
landscape and therefore the diversity of that landscape (During et al. 1988), the
Arctic differs from other biomes in having a great diversity of mesoscale patterns
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related to periglacial activity. Features such as frost boils, high- and low-centered
ice wedge polygons, thaw lake basins, and pingos all have major influences on
vegetation patterning in arctic landscapes, and many treatments of arctic vegeta-
tion have used these landscape features as a primary organizing theme (e.g.
D.A. Walker 1985; Matveyeva 1988; D.A. Walker et al. 1989; M.D. Walker et al.
1991).

Changes in substrate or topography at almost any spatial scale will lead to a
change in species composition. Matveyeva (1988) considered the vegetation of
frost boils (small sorted circles 1-2m diameter with active frost churning and
often mostly bare soil in the center) and the surrounding matrix in upland mesic
tundra to be a single plant community, and based on this definition, found alpha
diversities as high as 130 to 160 in an area of 100 m?, up to 50 species on only 1 m?,
and up to 25 species on 0.1 m?, but only 40, 30, and 20 species, respectively, on
similarly sized areas in mires. D.A. Walker (1985), on the other hand, treated the
vegetation of different zones (rim, trough, and center) within ice-wedge polygon
tundra as a series of separate communities, and he described less diverse com-
munities with almost complete turnover of species with only a few centimeters of
change in topographic position.

Frequency and intesnsity of disturbance also affect diversity. D.A. Walker et al.
(1989) compared the community type diversity of five major terrain unit typesin a
watershed of the southern Arctic Foothills in northern Alaska. They reported the
highest diversity on floodplains (Shannon index 0.857), which are frequently
disturbed, and the lowest diversity on retransported hillslope deposits (Shannon
index 0.471),which are stable sites and the primary areas of tussock tundra
development. Bedrock outcrops, glacial till, and basin colluvium had intermedi-
ate diversities (Shannon indices 0.624, 0.599, and 0.583, respectively).

143 Diversity Hot Spots: Focal Points and Oases

Species and community diversity are unevenly distributed in most landscapes,
and much of the diversity may be concentrated in relatively small areas. The
evenness of community diversity is largely a function of topography, because of
1ts overwhelming importance in controlling the steepness of environmental
gradients. In mountainous areas, species turnover is high and relatively continu-
ous. There are many arctic mountain ranges, but the majority of the arctic
landscapes consist of gently rolling hills or mostly flat plains. In these less
tgpog_raphically diverse landscapes, turnover tends to be gradual, with commu-
nity diversity concentrated in areas of unusual resources. These areas of unusual
resources represent focal points for the landscape, which I define as an environ-
mental resource patch characterized by high species richness and interaction. An

obviogs example would be a desert oasis or water hole, where animals interact
extensively and plant cover is high.

R D i R S VIV

What determines a focal point depends on what is limiting in a particular
landscape. “Oases” have been described from polar deserts, associated with
springs or in permanently moist situations below snowbeds (Edlund and Alt

16 M.D. Walker

1989; Svoboda and Freedman 1994). These oases have plant cover many orders of
magnitude higher than the surrounding barrens, contain most of the local plant
species diversity, and may be locally very important to wildlife. Pingos are
important focal points in certain arctic regions (D.A. Walker et al. 1985; M.D.
Walker et al. 1991; M.D. Walker 1990). On the flat Alaskan coastal plain,
topographic relief is in short supply, so the slopes of pingos are rare habitats and
landscape focal points. Pingos have very high species diversity in a small area
because: (1) their dome shape results in a high degree of habitat diversity in a
small area, including north- and south-facing slopes, ablation areas, and snow-
beds, (2) their steep slopes discourage peat formation, resulting in warmer soils
with higher nutrient availability, (3) their gravel and sand substrates make
excellent denning areas for squirrel and fox, creating a moderate level of
disturbance and also bringing nutrients into the system. South-facing slopes of
pingos are particularly species rich, as the total solar input is much higher on
these sites. The “equivalent latitude” of a 15° slope at 70 °N actual latitude is 55°
(based on the equation of Lee 1962). Also, pingos may represent relict Beringian
habitats which support taxa that were common on the cold, dry Beringian plains
during the Pleistocene glaciations and which have now been replaced by mesic
taxa following the development of a peat layer at the beginning of the Holocene;
the floristic affinities of the pingo species support this concept (Young 1982; M.D.
Walker et al. 1991). A few range disjunctions have been described from pingos,
mostly lichens to the north of their known ranges, but also some polar desert
species that are common to the north but rather rare at that latitude, such as
Draba subcapitata.

Rivers, and particularly steep, south-facing river bluffs, may also serve as
landscape focal points. The steep slopes of rivers are warm, well-drained habitats,
and combined with the possibility for migration along the river corridor are
therefore natural concentrations of diversity. Zanokha (1989) has described rare
extrazonal communities on steep, south-facing river bluffs of the Rogozinka River
on the Taymyr Peninsula. These communities are dominated by boreal taxa in an
area that is mostly dominated by Dryas punctata mesic tundra. These sites have
deep, well-developed soils that rest directly on bedrock. In northern Alaska there
are occasional hot springs in the northern foothills of the Brooks Range that
support stands of Populus balsamifera well to the north of the tree line, which sits on
the southern slope of the range, a major topographic barrier (Murray 1980). These
are warm-water springs that create localized warm microclimates, and many of
these stands support extreme range disjunctions of boreal taxa.

In almost all cases, these hot spots of plant diversity are also locally or
regionally important to wildlife. Relative to their spatial extent, the intensity of
animal activity on pingos is orders of magnitude higher than in the surrounding
landscape. Ground squirrels, arctic fox, various birds of prey, collared lemmings,

and grizzly bear are drawn to these points. Rivers are extremely important to
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wildlife, with steep banks or bluffs offering nesting, denning, and hunting areas,
and the floodplains offering forage and cover for many species. Even the small
stands of Populus balsamifera are locally important to moose. These intense
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concentrations of wildlife create disturbances, increase nutrient input, and there-
fore help perpetuate the high plant species diversity.

1.5 Global Change and Community Dynamics

Existing models of global climate change predict various degrees of temperature
shifts in different parts of the Arctic, with increases predicted in some areas and
decreases in others (Mitchell et al. 1991). If temperature and thermal energy are
indeed the most important ultimate causes of patterns in species diversity, then
shifts in temperature should have major consequences for these patterns. It is
shifts in summer temperature and degree-days, either positive or negative, that
will potentially have the strongest effects on diversity. Changes in mean annual
temperature cannot be directly related to diversity, since winter climate will
dominate such an average.

Given this overwhelming importance of temperature, and the hypothesized
gradient of biological interaction that may exist in the Arctic, a reasonable
hypothesis may be that colder areas, which now have fewer species and a stronger
direct tie to climate, may be the areas that will experience the most rapid change.
Also, the closer summer temperatures are to 0 °C, then the more a small change
will mean in the total heat energy available throughout the growing season.
Alternatively, the lack of carbon and nutrient stores in the soils of these regions
could effectively prevent any quick response to a warming. The first species to
migrate into the northern areas following a warming should be those which have
been lacking due to a threshold response to summer temperature or heat energy
but which are able to grow and reproduce under low nutrient conditions. A
combination of simulation modeling and field experimentation could be used to
test the feasibility of these hypotheses, and long-term monitoring sites should be
placed along major gradients of climate.

Focal points may also be critical during a changing climate. In a warming
climate, these sites may be important as seed sources. In a cooling climate, these
rare areas, which may be of critical importance to certain wildlife species, may
lose much of their plant species diversity.

1.6 Conclusions

1. The principles that organize communities do not vary among biomes, but the
relative importance of various physical and biological controls may shift
substantially, with physical factors being of primary importance in arctic
ecosystems.

2. Thermal energy is the main factor correlated with trends in arctic species
diversity, both within the Arctic and relative to the rest of the globe.

3. Other major biogeographical gradients within the Arctic include moisture and

2. Thermal energy is the main factor correlated with trends in arctic species
diversity, both within the Arctic and relative to the rest of the globe.

3. Othermajor biogeographical gradients within the Arctic include moisture and
geological history.
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4. Because thermal energy is not subject to biological competition, the gradient
of thermal energy may also represent a gradient of biological interaction, with
northernmost communities having the strongest physical controls.

5. Habitat diversity, which is a function of disturbance at all spatial and temporal
scales, is the most important factor controlling the distribution of species
among communities. Mesoscale periglacial features such as frost boils, ice-
wedge polygons, thaw lakes, and pingos are primary controls on the diversity
and composition of arctic plant communities.

6. Landscape focal points are uncommon habitats that support high species
diversity. Springs, seeps, pingos, and steep river bluffs may all serve this
function in certain arctic landscapes.

7. Landscape focal points are usually of great local importance to wildlife.

8. Because of the importance of thermal energy in shaping patterns of arctic
community diversity at many scales, either positive or negative shifts in
summer temperature should have a dramatic impact on diversity.

References

Aleksandrova VD (1980) The Arctic and Antarctic: their division into geobotanical areas.
Cambridge University Press, Cambridge

Aleksandrova VD (1988) Vegetation of the Soviet polar deserts. Cambridge University Press,
New York

Beschel RE (1970) The diversity of tundra vegetation. In: Fuller AD, Kevan PG (eds) Proc.
Conf. on Productivity and conservation in northern circumpolar lands. IUCN Publications
new series no 16. International union for the conservation of Nature, Morges, Switzerland

Billings WD (1974) Arctic and alpine vegetation: plant adaptations to cold summer climates. In:
Barry RG, Ives JD (eds) Arctic and alpine environments. Methuen, London, pp 403—443

Billings WD (1992) Phytogeographic and evolutionary potential of the arctic flora and
vegetation in a changing climate. In: Chapin FS III, Jefferies RL, Reynolds JF, Shaver GS,
Svoboda J (eds) Arctic ecosystems in a changing climate: an ecophysiological perspective.
Academic Press, San Diego, pp 91-109

Bliss LC, Matveyeva NV (1992) Circumpolar arctic vegetation. In: Chapin FS III, Jefferies RL,
Reynolds, JF, Shaver GR, Svoboda J (eds) Arctic ecosystems in a changing climate: an
ecophysiological perspective. Academic Press, San Diego, pp 59-89

Bliss LC, Svoboda J (1984) Plant communities and plant production in the western Queen
Elizabeth Islands. Holarct Ecol 7: 325-344

Cailleux A (1961) Biogéographie Mondiale. Presses Universitaire de France, Paris

Chernov Yu, Matveyeva NV (1979) Zakonomernosti zonal'nogo raspredeleniya soobshchestv
na Taimyre (The regularities of zonal distribution of communities on Taymyr). Academy of
Sciences USSR, Leningrad, pp 166—-200

Chernov Yu (1985) The living tundra. Cambridge University Press, Cambridge

Cody ML (1970) Chilean bird distributions. Ecology 51:455-464

Delcourt HR, Delcourt PA (1988) Quarternary landscape ecology: relevant scales in space and
time. Landscape Ecology 2:23-44

During HJ, Werger MJA, Willems HJ (eds) (1988) Diversity and pattern in plant communities.
SPB Academic Publishing, The Hague

Edlund SA, Alt BT (1989) Regional congruence of vegetation and summer climate patterns in
the Queen Elizabeth Islands, Northwest Territories, Canada. Arctic 42:3-23

Fridriksson S (1989) The volcanic island of Surtsey, Iceland, a quarter century after it ‘rose from
8 Acadamic Publisking, Thé Hagne

Edlund SA, Alt BT (1989) Regional congruence of vegetation and summer climate patterns in
the Queen Elizabeth Islands, Northwest Territories, Canada. Arctic 42:3-23

Fridriksson S (1989) The volcanicisland of Surtsey, Iceland, a quarter century after it ‘rose from
the sea’. Environ Conserv 16:157-162






