
ORIGINAL ARTICLE

Tiller population dynamics of reciprocally transplanted
Eriophorum vaginatum L. ecotypes in a changing climate

Jennifer L. Chandler • James B. McGraw •

Cynthia Bennington • Gaius R. Shaver •

Milan C. Vavrek • Ned Fetcher

Received: 12 February 2014 / Accepted: 20 October 2014

� The Society of Population Ecology and Springer Japan 2014

Abstract Moist tussock tundra, dominated by the sedge

Eriophorum vaginatum L., covers approximately

3.36 9 108 km2 of arctic surface area along with large

amounts of subarctic land area. Eriophorum vaginatum

exhibits ecotypic differentiation along latitudinal gradients

in Alaska. While ecotypic differentiation may be beneficial

during periods of climate stability, it may be detrimental as

climate changes, causing adaptational lag. Following harvest

of a 30-year reciprocal transplant experiment, age-specific

demographic data on E. vaginatum tillers were collected to

parameterize a Leslie matrix. Yellow Taxi analysis, based on

Tukey’s Jackknife, was used to determine mean pseudo-

values of tiller population growth rate (/i) for four source

populations of E. vaginatum tussocks that were transplanted

to each of three gardens along a latitudinal gradient. Source

populations responded differentially along the latitudinal

gradient. Survival and daughter tiller production influenced

differences seen at the mid-latitude garden, and the overall

tiller population performance was generally improved by

northward transplanting relative to southward transplanting.

A comparison of home-source /i and away-source /i within

the same transplant garden indicates no home-site advan-

tage. Although populations were still growing when trans-

planted to home-sites (/i = 1.056), tiller population growth

rate increased as DGDD became more negative relative to

the home site (i.e., as tussocks were transplanted north).

These results imply that populations are affected by climate

gradients in a manner consistent with adaptational lag. This

study documenting the response of high-latitude ecotypes to

climate gradients may be an indication of the possible future

effects of climate shift in more southern latitudes.

Keywords Adaptational lag � Climate change �
Reciprocal transplant � Thermal niche � Weibull

distribution � Yellow Taxi analysis

Introduction

The Northern Hemisphere, and Alaska’s arctic tundra in

particular, has experienced unprecedented climatic warm-

ing in recent centuries, and even in recent decades (Over-

peck et al. 1997; Moberg et al. 2005; Sturm et al. 2005;

Callaghan et al. 2010). Over the past 40–50 years, the

arctic tundra has experienced local temperature increases

of more than 0.5 �C per decade (Serreze et al. 2000; Sturm

et al. 2005), and in accordance with the predictions of polar

amplification by global circulation models, the rate of cli-

matic warming will continue to be most extreme at higher

latitudes (Manabe et al. 2011).

Climatic warming in northern latitudes leads to both

abiotic and biotic changes in tundra ecosystems (Moritz
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et al. 2002; Walker et al. 2006; Olofsson et al. 2009; Molau

2010). One type of tundra vegetation that could be affected

by climate change in the arctic is moist tussock tundra

(approximately 3.36 9 108 km2, 2005 circumpolar arctic

vegetation map; Walker et al. 2005; Molau 2010). The

herbaceous tussock-forming sedge, Eriophorum vaginatum

L., currently dominates moist tussock tundra (Fetcher and

Shaver 1983). Although cold, the area dominated by E.

vaginatum is climatically variable in terms of temperature

and precipitation due to differences in elevation and lati-

tude (Shaver et al. 1986; Hinzman et al. 2005), and this

variation in climate is reflected in well-documented eco-

typic variation of E. vaginatum (Bennington et al. 2012).

Ecotypes are genetically differentiated populations within a

species that have adapted to a specific set of environmental

conditions (Montalvo and Ellstrand 2000; Hufford and

Mazer 2003). As E. vaginatum ecotypes are exposed to

stresses from climate change, local ecotypic differentiation,

and the ineffectiveness of plasticity to compensate for

climate shifts (Bennington et al. 2012), may result in the

decline of E. vaginatum ecotypes in the arctic tundra.

Ecotypically differentiated plant populations are com-

mon throughout the arctic (Billings 1973; Chapin and

Chapin 1981; McGraw and Antonovics 1983a, b; McGraw

1985a, b; Fetcher and Shaver 1990). Eriophorum vagina-

tum ecotypes exhibit marked morphological variation

across environmental gradients (Shaver et al. 1986; Fetcher

and Shaver 1990). Reciprocal transplant experiments

revealed that E. vaginatum demonstrated differentiation in

both growth and flowering along a latitudinal transect

spanning from Eagle Creek, AK to Prudhoe Bay, AK

(Shaver et al. 1986; Fetcher and Shaver 1990; Bennington

et al. 2012). In addition, a 2010 census of E. vaginatum in

the same reciprocal transplant gardens revealed differential

mortality and reproduction of ecotypes within gardens,

supporting an overall pattern of ecotypic differentiation

among populations (Bennington et al. 2012).

Ecotypic differences within a species confer home-site

advantage, in which local ecotypes have greater fitness in

local environments relative to non-local ecotypes (Mont-

alvo and Ellstrand 2000; Hufford and Mazer 2003). As a

result, whereas ecotypic differentiation is advantageous to

a plant in a relatively stable environment, when environ-

mental conditions shift directionally, this specialization

may prove disadvantageous (Davis and Shaw 2001; Jump

and Penuelas 2005). This effect may be particularly acute

when there is insufficient genetic variation within popula-

tions to respond to the shift, even though that variation may

exist in other populations (Davis and Shaw 2001; Jump and

Penuelas 2005; Souther and McGraw 2011). Further, even

if the local variation existed, the longevity and low turn-

over of E. vaginatum tussocks in the populations may

provide few opportunities for genetic change (McGraw and

Fetcher 1992). As warming in the northern hemisphere

intensifies, ‘adaptational lag,’ which is a delayed evolu-

tionary and migratory response of organisms to rapid cli-

mate change, may have far reaching negative effects on

plant populations (Aitken et al. 2008), and the risk of

extirpation in populations of tundra plants such as E.

vaginatum may increase.

The purpose of this study was to determine whether the

observed shifts in northern latitude climate patterns have

already resulted in adaptational lag for E. vaginatum in

northern Alaska, USA. The long-term persistence of plants

in a reciprocal transplant study set up in 1980–1982 pro-

vides a unique opportunity to examine this question.

Adaptational lag of ecotypes would be manifested as a

consistent mismatch of ecotypes with local climate, such

that tussocks from farther south were now performing

better than local tussocks in a given transplant garden.

Since individual E. vaginatum tussocks grow over decades

through expansion of their tiller populations, we examined

age-specific tiller birth and death rates to obtain an inte-

grative measure of plant performance to gauge relative

ecotype success.

Methods

Study species

Eriophorum vaginatum is a long-lived, tussock-forming

sedge (Mark et al. 1985), and a dominant member of many

high latitude boreal wetlands and moist tundras (Walker

et al. 2005; Bennington et al. 2012). Tussocks of E. vag-

inatum have modular construction in that they are com-

prised of clusters of repeating shoot modules (individual

tillers) that may be viewed as populations within individ-

uals (White 1979; Harper 1980; Watkinson and White

1986), and this study treats these modules in this manner. A

single tussock of E. vaginatum is a tight aggregation of up

to 600 live tillers (Fetcher and Shaver 1982). The annual

rate of tiller population growth within each tussock yields

an integrated measure of performance as it accounts for

tiller birth and death rates (Fetcher and Shaver 1983;

McGraw and Antonovics 1983b). Further, tiller population

growth in E. vaginatum is linked to the present fitness in

that as tiller population size increases so does overall tus-

sock size, leading to increased reproductive output and

increased chances of survival (McGraw and Wulff 1983;

McGraw 1989; McGraw and Fetcher 1992).

Study sites

From 1980 to 1982, six reciprocal transplant gardens of E.

vaginatum were established along a latitudinal gradient
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stretching from just north of Fairbanks, Alaska, to Prudhoe

Bay, Alaska (Shaver et al. 1986). Four of those populations

were used in the present study, and three gardens (Cold-

foot, Toolik Lake, and Sagwon) were chosen for in-depth

study of tiller demography (Fig. 1; for further description

of the original gardens, see Shaver et al. 1986). No Name

Creek (NN) and Coldfoot (CF), the southernmost gardens,

were located in openings in the boreal forest south of the

Brooks Range, and Toolik Lake (TL) and Sagwon (SAG),

the northernmost gardens, were located in tundra habitat

north of the Brooks Range (Fig. 1).

In each source-garden combination, ten tussocks were

transplanted, resulting in a total of 120 transplanted tus-

socks (4 source populations 9 3 gardens 9 10 tussocks

per source-garden combination). Tussocks were

transplanted by slicing below the moss layer with a serrated

knife and replanting the tussocks into the appropriate

transplant garden (Shaver et al. 1986). The same procedure

was used for tussocks transplanted to their home sites to

control for transplant effects. Eriophorum vaginatum has

deciduous roots that die back and re-grow each year from

the rhizome bases of live tillers within the tussock (Ben-

nington et al. 2012), therefore transplanting caused mini-

mal damage to the tussocks.

Harvest

Of the original 120 tussocks transplanted, 99 were

unequivocally located in 2010 (Bennington et al. 2012).

Between July 13 and July 24, 2011, tussocks were removed

Fig. 1 Map of latitudinal

gradient showing approximate

locations where reciprocal

transplant gardens of E.

vaginatum were established,

with the three northern gardens

(Sagwon, Toolik Lake, and

Coldfoot) as focal gardens
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from the field for subsequent dissection. The destructive

nature of tiller harvest precluded a multi-year analysis of

tiller demography. However, these observations were not

simply the result of 1 year of growth. Tiller growth, sur-

vival, flowering, and reproduction in any given year rep-

resent an integration of effects of multiple years of

environmental conditions, including nutrient acquisition

and storage (Shaver and Chapin 1995).

Census/analysis

Dead and living individual tillers were dissected and sep-

arated out of each tussock. If the tussock had fewer than 50

tillers, all tillers were processed as described below. For

tussocks with a larger tiller population, a haphazardly

chosen selection of tillers was processed as follows: For

each tiller, the numbers of dead leaves, old live leaves

(leaves with green bases, but with an over-wintered brown

leaf tip), and new leaves (all green leaves with no over-

wintered tip) were counted and used to estimate the age of

each tiller. Although size-based matrix models are more

commonly used, studies of the demography of shoot

modules have shown that both size and age influence

population growth rate (McGraw 1989). Following the

precedent set by Fetcher and Shaver (1983) using this same

species, age was used as a state variable in this experiment.

In accordance with the methodology of Fetcher and Shaver

(1983), tiller age was estimated by dividing total leaf

number by the leaf production rate. Leaf production rate

for each ecotype within each transplant garden was deter-

mined by finding the mean number of new leaves (per

tiller) produced by all tillers within each tussock over one

growing season. Leaf production rate was determined for

each combination of ecotype and garden to account for

both genetic and environmental variation, and was assumed

constant across years in each of these combinations. Tillers

that had brown, overwintered tips that did not produce any

new leaves were considered ‘‘dead,’’ and were excluded

from the calculation of leaf production rate to avoid biasing

the estimate. The resulting tiller age estimate was a con-

tinuous variable, but each tiller was placed in an age class

with a width of 1 year. For example, any tiller found to be

between 2.0 and 2.999 years in age was placed in age class

2, between 3.0 and 3.999 years, age class 3, etc. Age class

0 and 1 tillers were aged as follows: Daughter tillers pro-

duced during the current growing season (age = 0) were

distinguishable as ‘branches’ from the mother tiller with

either white leaves or one or two small green leaves

without a brown tip. Tillers produced during the prior

growing season (age = 1) were distinguishable by the

presence of one to two green leaves, one of which could

have a brown tip, and by the absence of any completely

dead leaves. In the rare instances when leaf types were not

able to be determined (e.g., due to grazing), the tiller was

excluded from the data set. In total 3,305 tillers were aged

in this study; an average of 275 tillers per ecotype-garden

combination.

To calculate survival probabilities, haphazardly selec-

ted, recently dead tillers from all of the tussocks within

each source population were aged by dividing total leaf

number by the leaf production rate. The resulting age at

death distribution was fit with Weibull distributions using

the JMP 9.0 statistical program (SAS Institute, Inc. 2010).

Weibull distributions are commonly used in engineering to

model time-to-failure, and have been adopted by ecologists

to summarize survivorship data (Pinder et al. 1978). Shape

and scale parameters from each of the twelve Weibull

distributions produced (4 populations 9 3 gardens) were

used to derive a survival probability for the living tillers

from each of the corresponding source populations at each

garden. The survival function, which assumed a constant

force of mortality over each interval of time from birth to

death (Caswell 2001), was defined as:

lx ¼ e�
x
að Þ

b

where lx represents the age-specific probability of surviving

from birth to age class (x), x represents the age class of the

tiller being analyzed, and b and a represent the shape and

scale parameters derived from each of the twelve Weibull

distributions.

The lx values for the living tillers in each of the twelve

garden-source population combinations were then used to

calculate the probability (px) of each tiller surviving from

age x to age x ? 1 using the formula:

px ¼
lxþ1

lx

To complete the Leslie matrix, the fertility (Fx) of

individual living tillers was calculated using the formula:

Fx ¼ mxpo

The total number of current year daughter tillers per

mother (mx) was determined for each tiller. Each dissected

tiller was examined to determine if an individual tiller was

a mother to vegetatively produced daughter tillers. Non-

mother tillers were assigned an mx value of zero. This

vegetative demographic model did not include reproduc-

tion via seed because this type of reproduction is a very

minor source of total E. vaginatum tiller population growth

in the absence of disturbance (McGraw and Shaver 1982;

Gartner et al. 1983).

Due to sample size limitations, one large Leslie matrix

was formed for all of the tillers (3,305 in total) in the

twelve source 9 garden combinations, with age-specific

fertilities (Fx) in the top row, and survival (px) in the

subdiagonal. To determine the differential response of
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populations to garden environments, replication is needed

within each population-garden combination. To provide

this replication, we carried out a ‘Yellow Taxi analysis’

(henceforth, YTA; McGraw 1989; Vavrek et al. 1996),

which is a derivative of Tukey’s Jackknife that allows

calculation of pseudovalues (/i) of the finite rate of

increase of the population, k. These pseudovalues measure

each individual tiller’s (i) contribution to tiller population

growth rate. To perform YTA, the fate of each individual

(i), age x is assigned as (a) survived to the next age class, or

(b) died, according to its age-specific survival probability

(px). Each tiller is also assigned its observed fertility (Fx).

A MATLAB program was then used to assemble Leslie

matrices that include, and have all except, individual i. The

population growth rate was then calculated with and

without individual i from these matrices. Finally, the

pseudovalue (/i) is calculated as an estimate of the missing

individual’s contribution to overall tiller population growth

as follows:

/i ¼ nkall � ðn� 1Þk�i

where n is the total number of individuals, k�i is the

population growth rate with individual (i) removed and kall

is the population growth rate with all individuals included

(McGraw 1989; Vavrek et al. 1996, 1997).

To determine if tussocks from different sources respon-

ded differentially to transplanting along the latitudinal

gradient, we performed a nested two-way ANOVA with /i

as the dependent variable, garden and source population as

main effects, and tussock as a nested random effect within

the source 9 garden interaction term. The Tukey–Kramer

HSD a posteriori test was used to compare means.

Where large differences in mean tiller population

growth rates �/i were observed within gardens, we per-

formed a life table response experiment (LTRE; Caswell

2001) to examine the underlying parameters controlling

differences in growth rate. To do so, we formed individual

matrices separately by population for a given garden, and

due to small sample sizes in older age classes

(210 \ n \ 389), the age-specific transition matrices were

reduced to 11 age classes, with the last class being greater

than or equal to 11 years of age. The LTRE was then used

to compare pairs of matrices, attributing differences in

overall k for the matrices to components due to survival or

fertility parameters (Caswell 2001);

Dkij ¼ ðaij;matrixA � aij;matrixBÞ �
ok
oaij

To determine if the tussocks that were transplanted back

into their home site differed from those from other gardens,

a second two-way ANOVA was performed with /i as the

dependent variable, source population (re-coded as ‘home’

vs. ‘away’; Bennington et al. 2012) as the first independent

variable, garden as the second independent variable, and

tussock (random effect) nested within the home/

away 9 garden interaction term. Data from the No Name

Creek population were not included in this analysis, leav-

ing a balanced design (3 populations 9 3 gardens) such

that every population remaining would be both home and

away in the design.

Along the climatic gradient represented by these three

gardens, if a climate shift has occurred, we might expect the

relative performance of home and away gardens to change

along the gradient. To test whether the relative advantage of

home-site tussocks changed as a function of growing

degree-days, an ANCOVA was performed with the depen-

dent variable being the mean pseudovalue of k (/i) for each

tussock, weighted by the total number of tillers in each

tussock, home/away source as the first independent variable,

and the degree-day difference from the southernmost garden

(Coldfoot) as the second independent variable. As in the

previous analysis, data from the No Name Creek population

were not included in this analysis so that every population

remaining would be both home and away in the design.

In order to determine the optimum environment for each

source population, /i for all tussocks (each tussock

weighted by the total number of tillers in each tussock) for

each of the twelve combinations of source and garden was

regressed against the change in growing degree-days

(DGDD) represented by each transplant. The growing

degree-days (the summed daily mean air temperatures

above 0 �C between May and September) described in

Shaver et al. (1986) and Fetcher and Shaver (1990) were

used to determine the shift in growing degree-days repre-

sented by each transplant within the experiment. To

examine the effect of transplanting tussocks north vs. south

of their original locations, we fit both linear and polyno-

mial regression models (Y = tiller population growth,

X = change in degree-days represented by the transplant).

If there was consistent home-site advantage, we expected

that the mean pseudovalues for the growth rate of tiller

populations (/i) would be fit with a concave response

surface with a maximum at zero (Fig. 2). If adaptational

lag was evident, a shift of the optimum toward negative

values of DGDD would be expected (Fig. 2; representing

transplanting to the north) i.e., a negative overall slope of

the regression of tiller population growth rates on change in

GDD represented by each population-garden combination.

Results

A comparison of k and /i for all 3,305 tillers analyzed in

this study confirmed that /i provided an unbiased estimate

of k for the entire tiller population. The calculated value for
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both k and /i was 1.082, meaning the entire tiller popu-

lation would be growing at a rate of 8.2 % per year at a

stable age distribution. Henceforth, we refer to /i as the

tiller population growth rate.

Populations responded differentially to transplanting

along the latitudinal gradient (Table 1a). However no clear

home-site advantage in tiller population growth rate was

seen in any of the three transplant gardens (Fig. 3). The

largest differences in tiller population growth rate among

source populations were seen at Toolik Lake, the

intermediate-latitude garden (Fig. 3). Generally, tussocks

transplanted north into the Toolik Lake garden had

improved tiller population growth rates, and the same trend

was in the opposite direction for the northern population

(SAG) that was moved south to Toolik (Fig. 3). Moreover,

even the population from farthest south along the transect

(NN) performed as well as the Toolik Lake population at

Toolik Lake (Fig. 3). The net result was a large difference

in growth among ecotypes at the Toolik site, with popu-

lations from warmer locations performing well there. No

differences in tiller population growth rates were observed

among the tussocks that were transplanted into the most

southern and the most northern gardens (Fig. 3).

The LTRE analysis showed that the high population

growth rate of southern CF tussocks at the Toolik garden,

relative to the native TL tussocks, was entirely due to

greater rates of new daughter tiller production by the CF

tussocks (R Dkij for fertility matrix elements was 0.23 vs.

-0.04 for the sum of survival matrix elements). By con-

trast, tillers from the northernmost SAG tussocks trans-

planted to Toolik performed poorly relative to the native

TL tillers due to both lower tiller survival (R Dkij = 0.067)

and lower daughter tiller production (R Dkij = 0.090). The

large contrast in tiller population growth rate between

northern SAG tussocks and southern CF tussocks at the

Toolik garden was primarily due to higher rates of

daughter tiller production by the CF tiller population (R
Dkij = 0.332), although nearly 20 % of the difference was

also due to greater survival of southern CF tillers there.

Mean tiller population growth rate differed among gar-

dens regardless of the source of the transplanted tussock

(Table 1a). A Tukey–Kramer HSD test showed that the

tussocks in the intermediate-latitude Toolik Lake garden

had higher values of tiller population growth rate than the

Fig. 2 The expected mean growth rate when a consistent home-site

advantage is seen would exhibit optimum growth in the home garden,

where DGDD = 0 (solid line), and adaptational lag would be seen as

a shift in the optimum toward negative values of DGDD, representing

transplant northward (dashed line)

Table 1 (a) ANOVA showing the effect of Source population (CF,

NN, TL, SAG) and Garden (CF, TL, SAG) on pseudovalues of

growth rate of tiller populations (/i), (b) ANOVA showing the effect

of Home vs. Away tussocks and Garden (CF, TL, SAG) on /i, and

(c) ANCOVA showing the response of /i in Home vs. Away tussocks

across the continuous growing degree-day gradient (measured by the

change in degree-days from the southernmost garden)

Source of variation df SS F P

(a) Source population (S) 3 6.712 5.469 0.0013

Garden (G) 2 4.103 5.020 0.0077

S 9 G 6 7.093 2.856 0.0117

Tussock (S 9 G) 87 40.416 1.532 0.0013

Error 3,206 972.414

(b) Source (Home vs. Away; S) 1 0.136 0.246 0.6211

Garden (G) 2 3.988 3.593 0.0317

S 9 G 2 1.417 1.277 0.2841

Tussock (S 9 G) 49 33.750 1.974 \0.0001

Error 2,369 826.586

(c) Relative GDD difference 1 0.304 0.330 0.5675

Source (Home vs. Away; S) 1 0.492 0.534 0.4673

GDD 9 S 1 2.002 2.173 0.1450

Error 70 64.521

Fig. 3 The effect of transplant garden location on mean population

growth rate (/i) as a function of source population. ‘‘H’’ designates

home-site ecotype. (NN and CF = boreal forest; TL and

SAG = tundra)
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tussocks in the lowest-latitude Coldfoot garden. Further-

more, tiller population growth rate differed among tussocks

from different source populations, regardless of the garden

into which they were transplanted (Table 1a). Overall,

tussocks from the southern Coldfoot source had a higher

value for tiller population growth rate than tussocks from

the northern Sagwon source (Tukey–Kramer HSD),

although clearly the interaction of Source and Garden

complicates this interpretation (Table 1a).

Home tussocks and away tussocks did not respond dif-

ferently to transplanting into gardens along the latitudinal

gradient (Table 1b) and no home-site advantage was

detected for any source population in any garden

(Table 1b). As with the previous analysis, there was sig-

nificant variation in tiller population growth rate among the

three gardens analyzed (CF, TL, SAG; Table 1b), with the

Toolik Lake garden having the highest tiller population

growth rate (Tukey–Kramer HSD).

Relative tiller population growth rate of home vs. away

tussocks did not respond differentially to the change in

relative growing degree-days along the latitudinal transect

(Table 1c). Though the observed pattern was consistent

with what we would expect to see in response to climate

change and adaptational lag (Fig. 4), the ANCOVA indi-

cated that there was no significant difference in the relative

performance of home vs. away tussocks as a function of

growing degree-days.

Both a linear regression model (AIC = 246.49,

R2
adj = 0.1417) and a polynomial regression model

(AIC = 247.35, R2
adj = 0.1442) were fit to determine the

effects of transplanting tussocks north vs. south, however

the linear regression model was found to be a slightly better

fit using AIC. Tiller population growth rate increased as

DGDD became more negative (i.e., as tussocks were

transplanted north Fig. 5; b = -0.000149, P \ 0.0001).

The growth rate predicted by the regression for home-sites

(DGDD = 0) was 1.056, indicating that the tiller popula-

tions within tussocks were, on average, growing in size by

5.6 % per year (assuming a stable age distribution) at their

home sites. However, tussocks had even higher average

growth rates the farther north they were transplanted, as

shown by the negative slope. The regression line predicts

tiller numbers will decline (tiller population growth

rate \1) as DGDD becomes larger than 377, which would

imply a shift to a warmer site.

Discussion

Eriophorum vaginatum was previously shown to exhibit

ecotypic differentiation in Northern Alaska, USA (Shaver

et al. 1986; Fetcher and Shaver 1990; Bennington et al.

2012). The purpose of the present study was to determine

whether the observed shifts in arctic climate patterns have

resulted in adaptational lag in E. vaginatum ecotypes. The

response of tiller population growth rate to reciprocal

transplanting provided important evidence that adapta-

tional lag has already affected E. vaginatum ecotypes in

Northern Alaska, with the most extreme responses in

growth rate seen in the mid-latitude Toolik garden. Both

survival and daughter tiller production influenced the dif-

ferences seen at the Toolik garden, thus the overall per-

formance of the tiller population was generally improved

by northward transplanting relative to southward

Fig. 4 Mean growth rate of tiller populations (/i) for home-source

tussocks and away-source tussocks as a function of difference in

growing degree-days. Although not significant, the pattern is consis-

tent with expected response to adaptational lag. Black circles

represent home-site tussocks, while white circles represent away-site

tussocks. The solid line represents mean growth rate of tiller

populations planted in their home environment, while the dashed

line represents mean growth rate of tiller populations transplanted into

non-home environments

Fig. 5 Mean growth rate of tiller populations (/i) as a function of

DGDD from home garden to transplant garden. Mean growth rate of

tiller populations (/i), represented by a solid line, tended to increase

as DGDD became more negative (b = -0.000149, P \ 0.0001).

Mean growth rate ð/i) for all home-sites (DGDD = 0) was 1.056

Popul Ecol

123



transplanting, with the exception of transplantation into

extreme northern gardens. In contrast to the 30-year pattern

presented by the recent analysis of Bennington et al. (2012)

that inferred a home-site advantage in terms of tussock

survival, the current study showed no home-site advantage

for the E. vaginatum ecotypes that were included. This

suggests that a mismatch of ecotype and environment is

presently occurring in tussock tundra. The differing results

obtained in these two studies may be attributable to dif-

ferent time scales over which selection was measured.

Bennington et al. (2012) focused on the net effect of

30 years of differential survival of E. vaginatum, however

the tiller dynamics we measured likely reflects only the

recent, warmer climate conditions of interior Alaska. The

results of Bennington et al. (2012) included effects of

earlier years when ecotype performance was likely more

closely matched to the climate at each garden. However,

Bennington et al. (2012) also found that a different pattern

of tussock survival has been detected only since 1993,

where tussocks transplanted northward survived at higher

rates than tussocks transplanted southward. This more

recent pattern detected by Bennington et al. (2012) sup-

ports our findings.

We hypothesized that relative tiller population growth

rates of home-site tussocks would change as a function of

growing degree-days (Fig. 4), and although the results

followed this trend, the pattern was not statistically sig-

nificant (F = 2.173, P = 0.1450). Current growth rates of

home-site tussocks are not changing as a function of

growing degree-days, however this may be due to the fact

that the changes are not pronounced enough to be detected

currently. Additionally, significant effects may have been

detectible had the analysis included more source-garden

combinations.

Although the regression of tiller population growth on

change in growing degree-days represented by the trans-

plant supports the hypothesis that adaptational lag is

already occurring, the environment has not changed so

much that home site tussocks are showing negative popu-

lation growth rates. Mean growth rate of tiller populations

for all home sites (DGDD = 0) was 1.056. The regression

slope does imply, however, that with further warming, tiller

population growth will begin to decline, which would

ultimately result in lower tussock reproduction and

survival.

Rapid, continued climatic shift may result in population

decline and possible mortality in ecotypes if such ecotypes

lack the plasticity required to respond rapidly to the

changing environment (Bell 2012). However, this trans-

plant study indicates that as the climate shifts and warming

continues in high latitudes, ecotypes from farther south

may be able to thrive in more northern locations. The

success or failure of these ecotypes will depend largely on

opportunities for range expansion. Although E. vaginatum

can reproduce via seed dispersal and germination (McGraw

and Shaver 1982; Gartner et al. 1983), recruitment from

seed is rare in the absence of disturbances such as frost-

heaving or fire (Fetcher and Shaver 1982). Eriophorum

vaginatum seeds are capable of long-distance dispersal

(Bennington et al. 2012), however, successful establish-

ment of new populations in far northern latitudes may be

limited due to physical barriers such as the extensive

closed-canopy boreal forest and high mountain ranges that

fragment tussock habitat. Several authors (Sturm et al.

2001, 2005; Tape et al. 2006; Myers-Smith et al. 2011)

described a shift in species composition from tussock

tundra to deciduous shrub with the onset of increasing

temperature. If tiller populations begin to decrease, the

tussocks will likely be invaded by mosses and shrubs

(Fetcher and Shaver 1983), accelerating a community shift

to an alternate state.

Ecotypically differentiated plant populations are plenti-

ful in the arctic, but need not rely on such large-scale

environmental variation. For example, the arctic dwarf

shrub Dryas octopetala L. clearly shows ecotypic variation

over a scale of meters (McGraw and Antonovics 1983a;

Bennington et al. 2012), relative to a scale of kilometers in

our study. In a reciprocal transplant study, populations of

D. octopetala showed large site-specific variations in

morphology and fitness across an elevation gradient from

snowbank to fellfield (McGraw and Antonovics 1983a;

McGraw 1987). Another example of the response of Dryas

to variations in the environment is the early onset of

flowering and increases in the abundance of flowers in

Dryas grown in locations undergoing early snowmelt

(Høye et al. 2007). If southern ecotypes of E. vaginatum

and other species found throughout tussock tundra are not

able to shift their spatial location northward or higher in

elevation, it is possible that the species will decline in

abundance and changes in community structure may

follow.

The climatic change that has occurred so far is not a

threat to the population growth of E. vaginatum within our

study sites (growth rate at home-site [1), however, there is

no assurance that growth rates will remain positive if the

optimum shifts farther north from these home-sites.

Although this study has focused solely upon Alaska’s

tussock tundra, the study has important implications. Cli-

mate shifts are most rapid at northern latitudes, and as such,

adaptational lags are likely to manifest themselves first in

these regions; however, similar threats of adaptational lag

and population declines in locally adapted populations are

likely to spread to southern latitudes with time.
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