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Abstract

Since the 1970s, arctic temperatures have risen by 2.7 °C, more than twice that of lower 

latitudes. Productivity of tundra vegetation is historically nutrient-limited, largely due to low 

rates of decomposition in soils underlain by permafrost, where cold temperatures limit nutrient 

uptake by plants. However, climate warming is implicated in the recent expansion of tall (≥ 0.5 

m) deciduous woody shrubs across the Arctic. Among the largest tundra plants, deciduous shrubs 

exert strong controls on hydrology, heat balance, nutrient cycling, and food webs. These shrubs 

may be key players in carbon storage and re-stabilization of thaw-deformed permafrost 

landscapes (thermokarst), however, shrub-climate feedbacks are complex and their magnitude 

remains uncertain. Warming associated with recent thermokarst activity includes large (≥ 1 ha) 

de-vegetated depressions on hillslopes caused by mass soil thaw, known as retrogressive thaw 

slumps (RTS). RTS have increased on Alaska's North Slope by two-thirds since the 1980s. 

Within a few decades, some RTS near Toolik Lake support tall willow (Salix spp.) and dwarf 

birch (Betula nana) colonies.

This study quantified three aspects of plant response in RTS of different ages 

(chronosequences) at two North Slope lakes: 1) recruitment (seedlings m-2 and percent 

germination of soil seedbanks), 2) clonal (asexual) growth of dominant vegetation (willow), and 

3) secondary growth (annual rings) of dwarf birch and willow. I hypothesized that conditions in 

RTS support greater recruitment, genetic diversity, and growth than conditions in undisturbed 

moist acidic tussock tundra, and that the climate signal (June mean temperature) is amplified in 

RTS shrub ring widths. The study found higher seedling density and seedbank viability 

associated with warm, nutrient-rich bare soil in recent RTS. Willow species richness was higher 

in RTS than in undisturbed tundra, but all willows showed high heterozygosity and low clonal 

spread regardless of disturbance. Ramets (branches) within clones were more widely spaced in 

RTS, suggesting that RTS can fragment and disperse asexual propagules. Shrub rings in RTS 

were wider than in undisturbed tundra, but climate sensitivity to warmer temperatures was not 

amplified in the growth rings of most RTS shrubs. Most RTS shrubs had wider rings associated 

with greater September precipitation in the previous year, while shrubs growing outside of RTS 

did not, which suggests protective effects of early snow accumulations in RTS depressions. 

These results demonstrate that some North Slope RTS support greater seedling recruitment and 

shrub growth than undisturbed tundra and may enhance tundra shrub growth.
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Chapter 1 General Introduction

Global mean temperature has risen 1 °C over the past two centuries, a change associated 

with increased combustion of fossil fuel since the beginning of the Industrial Revolution (IPCC

2018) . Since the 1970s, temperatures in the Arctic have risen by as much as 2.7 °C (Box et al.

2019) , more than twice the global rate, demonstrating greater sensitivity of northern latitudes to 

global warming. Observed effects of a warming Arctic include rising sea levels and accelerated 

greenhouse gas release associated with sea ice and permafrost thaw (IPCC 2018). Ecosystem 

feedbacks are predicted to further contribute to net carbon loss as organisms react to rapidly 

changing conditions (McLaughlin et al. 2014).

Concurrent with rapid warming, aerial surveys confirm that arctic tundra in Alaska, Canada, 

Scandinavia and Russia has become increasingly colonized by tall (≥ 0.5 m) woody shrubs over 

the past half-century (Tape, Sturm and Racine 2006), with some climate models predicting ≥ 

50% tundra shrub cover by 2100 (Pearson et al. 2013). Increased shrub growth in response to 

warming has been demonstrated in long-term experiments near Toolik Lake, Alaska (Chapin et 

al. 1995), however, shrub-climate feedbacks are complex, and the magnitude of tundra-shrub 

feedback on the carbon budget remains largely unknown. Effects associated with tall shrub 

expansion include increased sensitivity to changes in soil moisture due to increased 

evapotranspiration (Myers-Smith et al. 2015), winter soil warming and increased microbial 

respiration due to deeper snow trapped by shrubs (Myers-Smith and Hik 2013; DeMarco et al. 

2011), and regional warming around dark shrub patches leading to early snowmelt and early 

onset of summer (Sturm et al. 2001; Chapin et al. 2005; Lawrence and Swenson 2011). On the 

other hand, increased shrub biomass may act as a carbon sink in summer to offset carbon losses 

from increased winter respiration (Euskirchen et al. 2012). Shrubs may also be important in re

stabilizing permafrost regimes in disturbed tundra because they can decrease summer soil 

temperatures through shading and litter deposition (Blok et al. 2010; Huebner and Bret-Harte 

2019). In disturbed tundra, it remains largely unknown whether shrub colonies represent a mid- 

successional stage of dwarf-plant tundra communities (Viereck 1966) or a permanent shift to tall 

shrub tundra. The complexity of these challenges makes it incumbent upon arctic researchers to 

improve our understanding of plant response to rapidly changing conditions in order to better 

inform predictive climate models.
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Along with increased shrub expansion, landscape disturbances resulting from permafrost 

thaw (thermokarst) have been observed with increasing frequency since the 1970s in Western 

Canada and the Alaskan Low Arctic (Lantz and Kokelj 2008; Bowden et al. 2008). Retrogressive 

thaw slumps (hereafter RTS), a large (≥ 1 ha) type of thermokarst formed by thaw and mass 

wasting of ice-rich permafrost soil on tundra hillslopes, have increased on Alaska's North Slope 

by two-thirds since the 1980s (Bowden et al. 2008). Active RTS in the Toolik Lake area have 

demonstrated ≥ 50% losses of biodegradable soil carbon during permafrost thaw (Pizano et al. 

2014; Abbott et al. 2014). Within 1-2 decades following disturbance, RTS are commonly 

colonized by deciduous shrubs (Lantz et al. 2009; Pizano et al. 2014; Huebner and Bret-Harte 

2019). Most shrub colonies in RTS in the Toolik Lake area are composed of deciduous species 

already dominant in the area, mainly willows (Salix spp.) and dwarf birch (Betula nana). These 

shrub thickets often exceed 0.5 m in height (Pizano et al. 2014; Huebner and Bret-Harte 2019), 

and differ in structure and function from surrounding moist acidic tussock tundra (hereafter 

MAT) common to the Alaskan Low Arctic.

Reproduction and growth of tundra plants is characteristically slow due to short seasons and 

cold temperatures restricting seedling germination and growth (Bell and Bliss 1980). Numerous 

studies have investigated controls on recruitment and growth of many tundra species when 

access to light, warmth, space, and nutrients is increased (Billings and Mooney 1968; Bishop and 

Chapin 1989; Eriksson and Froborg 1996; Cooper et al. 2004; Gough 2006; Milbau et al. 2009; 

Nystuen et al. 2014; Graae et al. 2011; Sutton et al. 2018). To date, however, there have been 

few observational studies of arctic plant succession in RTS. Initial studies of RTS in Western 

Canada found that pre-disturbance plant communities were replaced by fast-growing species 

within the first four years of disturbance (Lambert 1972; 1976). Later studies in the Mackenzie 

River Delta found greater seed production and growth in RTS of Siberian alder (Alnus viridis 

subsp. fruticosa) a common deciduous shrub in the Canadian Low Arctic (Lantz et al. 2009). 

There have been few comparable studies of plant response in Alaskan RTS (Pizano et al. 2014; 

Huebner and Bret-Harte; Huebner et al. 2019).

The goal of this study was to understand plant response to arctic tundra disturbed by 

permafrost thaw across different time scales. Observational and experimental methods were used 

to compare plant response to RTS-disturbed and undisturbed tundra across three metrics: 1) 

seedling recruitment, 2) genetic diversity, and 3) secondary growth of dominant shrub species.
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Sample sites were chosen along the shores of two RTS-disturbed lakes near Toolik Field Station. 

These lakes feature RTS chronosequences whose minimum time since disturbance ranged from 5 

years to several decades, and they were analogous in time since disturbance, tundra type, and 

parent material; thus they were useful in making pairwise comparisons of plant response by RTS 

age class relative to nearby undisturbed MAT in order to understand plant successional processes 

in severely disturbed tundra.

Chapter 2 presents a study of seedling recruitment dynamics. If environmental conditions 

supporting greater seedling recruitment (such as space, light, warmth, and nutrients) are more 

characteristic of RTS than of tundra undisturbed by RTS, we can expect to find 1) greater 

seedling recruitment and 2) higher viability (percent germination) of soil seedbanks in RTS 

relative to those found in undisturbed MAT.

Extending my hypothesis of conditions supporting greater seedling recruitment, in Chapter 3 

I hypothesized that if seedling recruitment is higher in RTS than in undisturbed tundra, willows 

colonizing RTS > 1 decade after disturbance should show higher levels of species richness and 

genetic diversity than willows in undisturbed MAT, because we would expect to find more 

genotypes in the disturbed area. Alternatively, if conditions in RTS are better for plant growth, a 

given area of RTS should contain more willow clones (identical genotypes) shared by willow 

ramets (aboveground branches) than a given area of undisturbed MAT. This alternative outcome 

of fewer willow genotypes in the RTS than in undisturbed MAT is reasonable, given that 

willows are a clonally expanding species.

In Chapter 4, I predicted that if conditions in RTS are better for growth than in undisturbed 

MAT, willows and dwarf birch found in RTS would show greater secondary growth, measured 

in annual ring widths, relative to shrub ring widths in undisturbed MAT. I also predicted that all 

shrub rings would show a positive growth response to climate warming (represented by June 

mean temperatures from 1989-2013), but the climate signal would be amplified in the ring 

widths of RTS shrubs due to the positive interaction of climate warming and RTS microsite 

conditions on growth.

It is hoped that the results presented in this dissertation will add to our understanding of how 

tundra vegetation is responding to climate change, particularly with regard to tall shrub 

expansion across the Arctic.

3
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Chapter 2 Microsite conditions in retrogressive thaw slumps may facilitate increased seedling 
recruitment in the Alaskan Low Arctic1

1 Huebner, D.C. and Bret-Harte, M.S. (2019). Microsite conditions in retrogressive thaw slumps may facilitate 
increased seedling recruitment in the Alaskan Low Arctic. Ecology and Evolution 9 (4), 1880-1887. 
https://doi.org/10.1002/ece3.4882

Abstract

In Low Arctic tundra, thermal erosion of ice-rich permafrost soils (thermokarst) has increased in 

frequency since the 1980s. Retrogressive thaw slumps (RTS) are thermokarst disturbances 

forming large open depressions on hillslopes through soil wasting and vegetation displacement. 

Tall (> 0.5 m) deciduous shrubs have been observed in RTS a decade after disturbance. RTS may 

provide conditions suitable for seedling recruitment, which may contribute to arctic shrub 

expansion. We quantified in situ seedling abundance, and size and viability of soil seedbanks in 

greenhouse trials for two RTS chronosequences near lakes on Alaska's North Slope. We 

hypothesized recent RTS provide microsites for greater recruitment than mature RTS or 

undisturbed tundra. We also hypothesized soil seedbanks demonstrate quantity-quality trade

offs: younger seedbanks contain smaller numbers of mostly viable seed that decrease in viability 

as seed accumulates over time. We found five times as many seedlings in younger RTS as in 

older RTS, including birch and willow, and no seedlings in undisturbed tundra. Higher seedling 

counts were associated with bare soil, warmer soils, higher soil available nitrogen, and less plant 

cover. Seedbank viability was unrelated to size. Older seedbanks were larger at one 

chronosequence, with no difference in percent germination. At the other chronosequence, 

germination was lower from older seedbanks but seedbank size was not different. Seedbank 

germination was positively associated with in situ seedling abundance at one RTS 

chronosequence, suggesting post-disturbance revegetation from seedbanks. Thermal erosion may 

be important for recruitment in tundra by providing bare microsites that are warmer, more 

nutrient rich, and less vegetated than in undisturbed ground. Differences between two 

chronosequences in seedbank size, viability, and species composition suggest disturbance 

interacts with local conditions to form seedbanks. RTS may act as seedling nurseries to benefit 

many arctic species as climate changes, particularly those that do not produce persistent seed.
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2.1 Introduction

Climate warming in the Artic is likely to increase the frequency of landscape disturbance 

(IPCC 2014), resulting in increased opportunities for seedling recruitment. Seedling recruitment 

in tundra communities is considered infrequent compared to clonal growth of established 

individuals (Rowe 1983; Eriksson 1989), due to short growing seasons and lack of suitable 

microsites. Disturbances such as tundra fires (Bret-Harte et al. 2013), frost boils (Sutton et al. 

2018), and rodent activity (Nystuen et al. 2014) can stimulate seedling recruitment by reducing 

competition and altering microsites, and may ultimately influence the structure of vegetation 

communities (Chambers 1995).

In high-stress environments, germination and establishment are likely the most limiting 

phases of a plant's ability to colonize an area (Grime 1977; Alsos et al. 2007). Seeds in northern 

environments typically break dormancy after a cold period, and seedlings must rapidly establish 

following snowmelt (Billings & Mooney 1968). Contact with bare soil may be more optimal for 

root penetration than dense litter layers (Douglas 1995; Chapin et al. 2006b). Recruitment thus 

depends on seasonally short windows of suitable microsites and viable seed (Eriksson & Froborg 

1996). The relationship of increased seedling success in arctic tundra to disturbance and high- 

quality microsites has been supported in other research (Gough 2006; Munier et al. 2010; Graae 
et al. 2011, Milbau et al. 2013; Nystuen et al. 2014; Sutton et al. 2018). Increased recruitment 

can lead to populations with novel combinations of genes that could help plant species adapt to 
rapid change (Petit 2004).

Thermal erosion is one disturbance likely to influence tundra plant communities. Since the 

1980's, thermal erosion of ice-rich permafrost soils has been observed with increasing frequency 

(Bowden et al. 2008; Belshe et al. 2013). Retrogressive thaw slumps (RTS) are areas of 

progressive ground collapse due to the melting of subsurface ice; on Alaska's North Slope they 

have been observed on hillslopes and lake shores in the northern foothills of the Brooks Range 

(Bowden et al. 2008; Gooseff et al. 2009), forming depressions many square meters in area due 

to mass soil wasting (Figure 2.1a,b). Time-lapse photography of two recent North Slope RTS, 

the 2010 Horn Lake thermokarst (Godsey et al. 2010) and the 2014 Wolverine Lake thermokarst 

(Dobkowski 2014) documented the displacement of entire vegetation communities through mass 

soil wasting within a single summer.
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Concurrent with increasing thermal erosion, aerial surveys of Alaska's North Slope over 50 

years have photographically documented the expansion of deciduous woody shrubs in arctic 

tundra (Sturm, Racine & Tape 2001; IPCC 2014). Potential feedbacks of a shrubbier Arctic to 

ecosystem processes include reduced albedo and increased evapotranspiration by shrubs 

compared to tussock tundra, which can result in greater heat retention (Sturm et. al. 2005; 

Chapin et al. 2005; Euskirchen et al. 2009) and increased destabilization of permafrost soils 

(Lawrence & Swenson 2011, Bonfils et. al. 2012). Deciduous shrubs alter soil properties by 

depositing leaf litter and trapping snow, both of which can buffer ground temperatures, resulting 

in a deeper active layer and greater nutrient release over winter (Schimel, Bilbrough & Welker 

2004; Buckeridge & Grogan 2010; DeMarco et al. 2011). Alternatively, predicted positive 

feedback effects of shrubs could be offset in summer through increased shading and litter 

deposition, resulting in shallower active layer depths during the growing season (Blok et al. 

2010). Shrubs can also promote herbivore activity, leading to increased shrub sprouting (Tape et 

al. 2010) and to changes in hydrology and permafrost thaw associated with predicted beaver 

encroachment into willow habitat on Alaska's North Slope (Tape et al. 2018).

Re-vegetation following thermal erosion in arctic and subarctic tundra has resulted in 

thickets of tall willow, dwarf birch, and alder that persist for decades (Schuur et al. 2007; Lantz 

et al. 2009; Pizano et al. 2014), though in some cases more heterogeneous plant communities 

develop (Becker et al. 2016). The contribution of seedlings versus clonal expansion in forming 

shrub thickets is not well studied, but thermal erosion appears to provide conditions for increased 

seed production and suitable microsites for the formation of seedbeds and thickets in some sites 

(Figure 2.1c,d) (Lantz et al. 2009; Frost et al. 2013). In permafrost regions, deeply thawed 

mineral soils exposed by RTS formation could allow establishment of deep taproots to anchor 

seedlings against winter freeze-thaw lifting (Billings & Mooney 1968), potentially restoring soil 

stability as plants mature.

Soil seedbanks may be important sources of colonization where there are sufficient viable 

seeds and suitable microsites for germination and establishment (Eriksson & Froborg 1996). In 

general, seedbanks are expected to vary in the number and viability of seeds due to differences in 

seed longevity, standing vegetation, seed production, topography, disturbance frequency, 

predation, and local climate (Murdoch & Ellis 1992; Chambers 1995). In tundra, seedbanks may 

form under mature vegetation (Fox 1983) and in depressions and sheltered sites that trap seeds 
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dispersed by wind and water (Chambers 1995; Alsos et al. 2003). In lower latitudes, high 

disturbance frequency is predicted to select for seeds that persist in the soil as pioneer species to 

recolonize uncovered ground (Thompson 1978). In the Arctic, where disturbance is less frequent 

and seeds may be more resistant to desiccation (Wyse & Dickie 2017), seed persistence may be 

enhanced by burial in the cold, dry conditions of permafrost soils (McGraw et al.1991). Seedling 

recruitment in disturbed arctic soils has been observed from long-lived buried seed, primarily 

sedges in the genera Carex and Eriophorum (Gartner et al. 1983; Ebersole 1989), and from 

short-lived seeds of species not present in the seedbank, including Betula nana and Salix spp. 

(Ebersole 1989; Alsos et al. 2003; Cooper et al. 2004). Species requirements for successful 

germination and growth may be important in determining whether a site is revegetated by 

uncovered buried seed or recently deposited seed. The dominance of deciduous shrubs in mature 

RTS in this area suggests that the source of recruitment is recently deposited seed of species with 

short-lived seeds rather than older buried seed. If so, we may expect a random sample of recent 

post-disturbance seedbanks to contain fewer, mostly viable seeds than older sites.

The goal of this study was to assess 1) whether conditions in RTS are more favorable for 

seedling recruitment than in tundra undisturbed by RTS, and 2) how RTS affect seedbank size 

and viability. We hypothesized first that, all other things being equal, if recruitment depends 

upon suitable site conditions, recruitment potential will be higher in RTS than in undisturbed 

tundra, because disturbed ground is free of competing vegetation and may have more space, 

light, and available nutrients. Second, we hypothesized that if arctic seedbanks are more 

dependent upon nearby mature vegetation than upon long-distance dispersal and entrapment of 

seed in depressions, there should be a quantity-quality trade-off in post-disturbance seedbanks 

over time, because as seeds accumulate under maturing canopies, the proportion of older seed 

should increase relative to recent seed input, lowering overall seedbank quality. In contrast, 

immediately following disturbance, the seedbank may be small in quantity, but high in quality, 

because it would be composed of mostly recent seed rain. Alternatively, if quantity and quality 

of arctic seedbanks are independently influenced by factors such as dispersal, entrapment, seed 

rain, predation, germination, weathering, disease, and burial, this could result in seedbanks of 

roughly equal size (i.e. seeds per given area) with different levels of viability, or in seedbanks of 

roughly equivalent viability regardless of size.
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We compared environmental conditions across two RTS chronosequences on Alaska's 

North Slope. We compared in situ seedling counts, seedbank size (seeds m-2), and seedbank 

viability tested in greenhouse germination trials. We predicted that young RTS would have 

higher in situ seedling counts and smaller but more viable seedbanks. We predicted that due to 

rebuilding of vegetation canopies and organic layers over time, older RTS would be more similar 

to undisturbed tundra and show a reverse trend: lower in situ seedling counts and larger 

seedbanks of lower viability. Finally, we assessed relationships between seedbanks and their 

environmental conditions to understand whether composition and performance of seedbanks is 

best explained by RTS age, microsite conditions, location, or some combination of these factors.

2.2 Materials and Methods

2.2.1 Study site
This study was performed near Toolik Field Station (68° 37' 39” N, 149° 35' 51” W), in the 

northern foothills of the Brooks Range (Figure 2.2a). The climate is characterized by cold 

temperatures (-10 °C mean annual temperature; 12 °C mean July - August temperature), and low 

precipitation (200-400 mm), nearly half of which falls as snow.

The study area includes mainly moist acidic tussock tundra (MAT), with some areas of 

heath tundra and shrub tundra. MAT is the most widespread tundra type in the foothills of the 

Brooks Range, consisting of Eriophorum vaginatum and Carex bigelowii sedges intermixed with 

dwarf deciduous shrubs (predominantly Betula nana and Salix pulchra) and evergreen shrubs 

(predominantly Rhododendron tomentosum Harmaja (1991) and Vaccinium vitis-idaea), 

herbaceous forbs, mosses (mainly in the genera Sphagnum, Hylocomium, and Aulocomnium) and 

lichens (Bliss and Matveyeva 1992). Heath tundra is found on dry, rocky uplands, and consists 

of dwarf deciduous (mainly B. nana, Vaccinium uliginosum, and Arctostaphylos alpina) and 

evergreen shrubs (including Dryas integrifolia and/or D. octopetala, V. vitis-idaea, R. 

tomentosum, and Empetrum nigrum), with lichens and some mosses. Shrub tundra consists of tall 

(> 0.5 m) thickets of deciduous woody species, including dwarf birch (B. nana and/or B. 

glandulosa), shrub willows (Salix spp.), some herbaceous forbs and mosses, some pteridophytes 

(the only pteridophytes we found were horsetails, mainly Equisetum arvense) and usually no 

lichens, normally occurring along water tracks, river gravel bars, and in thermokarst gullies and 
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slumps. All are underlain by continuous permafrost (200 m average depth), with a shallow 

unfrozen layer that develops in summer (approximately 20-40 cm).

We compared plant recruitment dynamics in undisturbed MAT to that in RTS of different 

ages around two small lakes (< 1 km across), designated as NE-14 and I-minus 1 (Figures 2.2b- 

d) (Pizano et al. 2014). The lakes are approximately 16 km apart on similar slope, aspect, 

elevation, and parent material. Soils surrounding the lakes are composed of thin peat layers over 

Itkillik phase II glacial till deposits (approximately 11.5 ka BP) (Hamilton 2003). We chose 

three RTS age categories at each site: Y = young (1-10 years old); M = middle-aged (11-29 years 

old); and O = old (≥ 30 years old). These were compared with nearby undisturbed MAT at each 

site (coded as ‘C' for the undisturbed control condition outside the RTS) for a total of eight study 

areas, four per site. Age of control areas was undetermined, but they were likely not disturbed by 

thaw slump thermal erosion for more than 300 years (Pizano et al. 2014). Approximate RTS ages 

were determined by a previous study through woody shrub growth ring counts and/or 

radiocarbon dating of moss macrofossils at the organic-mineral soil interface (Pizano et al. 

2014). Where feasible, we made shrub ring counts from the same areas, and found them to be 
similar (Table 2.1).

The two RTS chronosequences used in this study were analogous in age and type, in close 

proximity to one another, and were accessible without helicopter support, which we did not 

have. This low replication reduces our ability to extrapolate to the entire Arctic, but we believe 

that this study reveals useful information about plant succession following thermal erosion.

2.2.2 Site characterization and observational design

In July 2012 and 2013 we quantified abiotic and biotic characteristics at each site. We 

chose the month of July in order to quantify site conditions at midsummer, when most seedlings 

have germinated, plant canopies are fully expanded, and ground is snow-free. Abiotic 

characteristics included elevation and soil variables; biotic characteristics included vegetative 

cover and seedbank variables. Because we expected the greatest seedling recruitment to occur in 

the lower portion of the RTS where soil had stabilized, in each RTS age category we ran a single 

50 m transect on the lower half of the RTS running upslope, with the transect origin (0 - 1 m) at 

the downslope end (Figure 2.2e). Transects in undisturbed controls were located within 500 m of 

the nearest RTS transect. At each transect, we calculated mean elevation (m), and relative 
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change in elevation (highest point - lowest point) from GPS points to account for RTS 

depressions versus the flatter ground in undisturbed control locations.

Measurements were made inside 1 x 1 m plots along each transect. We measured soil 

temperature, soil moisture, and active layer depth at 2.5 m intervals (20 plots per transect), plant 

cover and seedling counts at 5 m intervals (10 plots per transect), soil nutrients from resin bags 

(5 bags per transect), seed rain traps (5 traps per transect) and soil seedbanks (3 to 4 plots per 

transect). The locations of resin bag, seed rain, and seedbank plots from transect origin were 

chosen using a random number generator. Seedbank plots were in the same plots or ≤ 4 m from 

abiotic and cover measurements described above, and thus represent a subsample of plant cover 

and in situ seedling plots. Active layer depth, soil temperatures, and soil moisture levels were 

averaged from three sample points measured inside each plot. Active layer depth was measured 

using a 1.5 m steel thaw probe driven into the ground until rock or ice was struck. To estimate 

midsummer soil conditions experienced by seedlings, soil temperature (°C) and percent soil 

moisture at 5 cm depth was measured using handheld probes. We made visual estimates of aerial 

percent cover of vascular plants, mosses, and lichens identified to genus or species in each 

sample plot by counting the number of squares filled by each species using a 1 x 1 m grid divided 

into 10 x 10 cm squares (optical cramming). In each cover plot we counted the number of live 

seedlings (assigning a maximum of 100 seedlings to plots with ≥ 100 seedlings m-2). We 

recorded the height and width to the nearest 0.1 cm of the tallest shrub, and identified shrubs to 

species or plant functional type. Nomenclature follows Hulten (1968), except where noted. We 

quantified seed rain by species or functional type by counting the average number of seeds 

caught over the month of July 2013 in 20 x 20 cm vinyl turf seed traps, and dividing by seed trap 
area (m2).

An index of plant-available soil nutrient levels (NH4+ and NO3-) was measured using 

mixed-bed ion exchange resins (IONAC® nm-60 H+/OH- form, type I beads 16-50 mesh; J.T. 

Baker, Phillipsburg, New Jersey, USA). Each resin bag was made of nylon mesh acid-washed in 

10% HCl and rinsed with DI water prior to filling with 9 g fresh weight (fw) of resin, then pre

loaded with 2 M KCl overnight before being placed into the field. One resin bag per plot was 

placed in the soil at approximately 5 cm depth, in five randomly-selected plots per transect, and 

left in place from July 6 - 31, 2013. Collected resin bags were transported to the lab on ice, 

washed free of soil using millipore-filtered water, and stored at -20 °C until extraction. Each 
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resin bag was extracted in 100 mL of 2 M KCl agitated overnight on a shaker. Extracts were 

individually filtered using Whatman Grade 1 filter paper, stored at -20 °C, then thawed at 4 °C 

prior to analysis. NH4+ and NO3- concentrations (in μg g-1 dw resin) were determined 

colorimetrically on a Technicon autoanalyzer (Tarrytown, New York, USA) using methods from 
Whitledge et al. (1981).

2.2.3 Germination experiment

Soil seedbanks (approximately 1L volume per plot) were taken with a 5 cm diameter x 3 cm 

depth steel coring tool, 16 cores per plot. Live seedlings found growing in soil cores were added 

to in situ seedling counts, transplanted to 500 ml pots containing equal parts vermiculite and 

Promix (Premier Tech, Quebec, Canada), and grown for identification to species or functional 

type in the University of Alaska Research Greenhouse (Fairbanks, Alaska). Soil cores were 

homogenized for each plot and divided in half. Half of each bulk sample was processed 

immediately for germination; the other half was frozen at -20 °C for 16 weeks before 

germination (vernalization treatment) in order to induce broad-spectrum germination of species 

with different requirements for breaking dormancy (Baskin et al. 2006). In both treatments, we 

concentrated seedbanks by washing them through 4 mm to 0.5 mm mesh soil sieves stacked 

coarse to fine. This method was developed to optimize germination in native soils by eliminating 

large particles and fine clays that can create uneven light exposure and moisture conditions (Ter 
Heerdt et al.1996).

In order to assess germination, a 0.5 cm layer of concentrated seedbank was poured into 16 

oz. plastic cups over moistened Whatman #2 filter paper. Cups were incubated in 20 hours 

daylight/4 hours night at 23.2 °C day /21.4 °C night to simulate arctic summer photoperiod. 

Cups were randomized on benches weekly, and inspected weekly for 12 weeks. Germinants 

were counted and grown until they were large enough to be identified. Ungerminated seeds were 

air-dried, counted, and identified to species or functional type in the lab under a dissecting 

microscope. Counts of seeds or germinants m-2 were calculated as the mean number of seeds or 

germinants/core divided by core area (m2).

We found willow seeds only in capsules, and inferred that single, ungerminated willow seed 

decomposes rapidly in contact with the soil. We confirmed this in a seed decay experiment by 

incubating dwarf birch and tall shrub willow seeds collected from branches of live shrubs in a 
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black spruce bog near Fairbanks, Alaska in October 2013. For each species, 100 seeds were 

placed onto moistened Whatman #2 filter paper in 8 petri dishes (25 seeds per dish). Petri dishes 

were covered and incubated in the University of Alaska Research Greenhouse under the above 

conditions. No additional moisture was added. Initial germination for both species was not 

different, but after 7 weeks 58% of the willow seed, both germinated and ungerminated, was 

decayed by mold, versus 3% of the birch seed. We also found wide variation in willow seed 

counts in our native soil seedbanks, so we pooled birch and willow data for statistical analysis 

(‘birch + willow'). We considered this method appropriate for comparison with other plant 

functional types because dwarf birch and willow species represented the majority of the 

deciduous shrub functional type at our sites.

2.2.4 Statistical analysis

To test our hypothesis of the effects of RTS age on each of our dependent variables (in situ 

seedling counts, seedbank percent germination, and seeds m-2) we performed 2-way ANOVA 

using RTS age categories (four levels): young (Y), middle-aged (M), old (O), and control (C); 

site (two levels): NE-14 and I-minus 1; and an RTS x site interaction. When the RTS by site 

interaction was significant, we used one-way ANOVA to test RTS age effects for each site 

separately. We performed separate analyses on seedbanks for all species, and for birch + willow. 

Tukey's Honest Significant Difference test was performed post-hoc where effects were 
significant in ANOVA (P < 0.05).

Importance of environmental variables on in situ seedling counts, seedbank percent 

germination, and seeds m-2 was calculated using Akaike's information criterion (AIC) relative 

importance values for covariates in multiple linear regression models (Akaike 1992). Because we 

had many explanatory variables, we considered this a more appropriate method than hierarchical 

models, because the contribution of any given variable is expressed as a cumulative value across 

all possible models. For percent germination and seeds m-2, the number of observations was too 

small to evaluate all explanatory variables, and models were ranked using AIC adjusted for the 

small number of seedbank sample plots (AICc). Importance values were calculated as the 

cumulative AIC or AICc weight (0 ≤ ∑wi ≤ 1) (Burnham & Anderson 2004) using a threshold of 

≥ 0.55 for well-supported variables (Spellman et al. 2015). Environmental variables highly 

correlated to explanatory variables of interest (Pearson correlation coefficient r ≥ 0.60) were 
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omitted from relative importance models and investigated separately in linear regression. 

Covariates consisted of eleven continuous variables: percent cover of shrubs, forbs, graminoids, 

nonvascular plants, pteridophytes, litter, and bare soil; percent soil moisture, available NH4+ and 

NO3-; and seed rain m-2. Count data were square root transformed using the Box Cox Power 

Transformation (Box & Cox 1964) to meet assumptions of normal distribution. Distance (m) of 

each seedling /seedbank plot from its transect origin was tested as a random variable, but was 

insignificant (P > 0.1) and omitted from analysis. Individual data points falling beyond upper and 

lower quartiles that influenced model coefficients were omitted as outliers (Quinn & Keough 

2002). Due to site interactions on environmental variables, we ran separate relative importance 

analyses for each chronosequence site (I-minus 1, NE14).

We used canonical correspondence analysis (CCA) to visualize niche separation between 

species or plant functional types comprising in situ seedlings or soil seedbanks and their 

respective environmental gradients (Ter Braak 1986). Count data were standardized to 

proportions per species or functional type by dividing each sample by its species total, to 

equalize the contributions of abundant and rare species (Noy-Meir, Walker, & Williams 1975). 

For this analysis, birch and willow seedbanks were analyzed separately. Because we were 

interested in disturbance as well as environmental effects, sample plots were coded by RTS age 

class. Evergreen shrub cover was highly correlated with lichen cover (r = 0.57) and combined 

with lichen as heath tundra (‘Heath') for this analysis. Wilk's Lambda (l) was used to test model 

significance at P < 0.05 after 1000 permutations, and because this statistic is used to report 

variance not explained by the model, we reported the model effect size as 1-l, and we reported 

the variation explained by constrained axes. Where canonical correspondence models were 

significant we used ANOVA to determine significance between individual species and 

environmental variables, and the proportional variance each relationship contributed to the full 

model. All statistical tests were performed using R 3.4.3 (R Core Team 2017) with the following 

packages: agricolae (post-hoc tests), MASS (ANOVA), MuMIn (variable importance in multiple 

regression models), and vegan (canonical correspondence analysis).
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2.3 Results

2.3.1 RTS age effects on seedlings and seedbanks

There was a significant interaction between RTS age and site for in situ seedlings of all 

species (Table 2.2). Although young RTS had the most seedlings at both sites, the young RTS at 

I-minus 1 had approximately 5 times as many seedlings as NE-14 (Figure 2.3a). In one-way 

ANOVA for each site, young RTS had significantly more seedlings than older RTS or 

undisturbed controls (Table 2.3). No seedlings were found in undisturbed controls at either site.

RTS age effects were significant for birch + willow seedlings in 2-way ANOVA (Table

2.2) . This is likely because at NE-14 there were more birch + willow seedlings in the young and 

middle-aged RTS but no seedlings in its old RTS or undisturbed control (Table 2.3); I-minus 1 

birch + willow seedling counts were not different (Figure 2.3a). Although birch + willow counts 

were low, they comprised the majority of in situ seedlings in middle-aged RTS at both sites 
(Figure 2.3a).

RTS age affected germination and size of seedbanks independently at the different sites. 

There was a marginally significant interaction between RTS age x site for percent germination 

(Table 2.2), because the young I-minus 1 seedbank showed 2 to 5 times greater percent 

germination than its old and undisturbed control seedbanks (Figure 2.3b); percent germination of 

NE-14 seedbanks was not different (Table 2.3; Figure 2.3b). For both sites, birch and willow 

germination was low, between 1 and 6% (Figure 2.3b), and not different (Table 2.3). RTS age x 

site interaction was significant for seedbank size (Table 2.2), because NE-14 seedbanks ranged 

from 122 ± 34 seeds m-2 (young) to 5651 ± 2538 seeds m-2 (undisturbed control); I-minus 1 

seedbanks were not different (Table 2.3; Figure 2.3c). There was no RTS age x site interaction 

for birch + willow seedbank size (Table 2.2), but RTS age was significant for birch + willow 

seedbanks in 2-way ANOVA (Table 2.2), likely driven by the larger seedbanks at NE-14 (Table

2.3) . Birch + willow comprised 25-50% of NE-14 seedbanks, ranging from 27 to over 4300 

seeds m-2 across the chronosequence, versus 30 to 400 seeds m-2 at I-minus 1 (Figure 2.3c).

2.3.2 Environmental conditions and site characterization

Environmental conditions were different in RTS than in undisturbed tundra. RTS sampled 

on the same hillslopes were more collapsed and lower in elevation than undisturbed controls 

(Figure 2.4a). Midsummer soil temperatures at I-minus 1 were 2 °C warmer in its young RTS 
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than in other age categories; at both sites, the middle-aged RTS were among the coolest (Figure 

2.4b). Soil available NH4+ at I-minus 1 was six times higher in RTS than undisturbed (Figure 

2.4c), and available NO3- was three to five times higher in young versus undisturbed at both sites 

(Figure 2.4d). Similar to other studies (Lantz et al. 2009; Bonfils et al. 2012), active layer depths 

were deeper in older RTS than in undisturbed (I-minus 1, Figure 2.4e), but we excluded active 

layer depth from our analyses due to surface rubble in young RTS impeding probes from 

reaching the frozen layer. Percent soil moisture varied from 1.9 ± 0.3% at NE-14 to 71 ± 3% at I- 

minus 1 and was not associated with RTS age (Figure 2.4f).

Percent cover showed RTS age effects common to both sites. Young RTS had more bare 

soil, middle-aged RTS were dominated by tall deciduous shrubs, and older and control plots 

featured more evergreen shrubs and lichens (Figure 2.4g). Sites showed local differences in 

cover and seed rain composition: NE-14 had more evergreens, and I-minus 1 had more sedges 

and forbs (Figure 2.4g,h). Total seed rain was not different between sites, with dwarf birch and 

willow seed comprising about 10% (Figure 2.4h). The largest shrubs, mainly willows and dwarf 

birch, were found in middle-aged RTS at both sites and were on average nearly 0.5 m taller and 

wider than shrubs in other RTS age groups (Figure 2.4i).

2.3.3 Relative importance of environmental characteristics

Bare soil had high relative importance at both sites and occurred in over 93-99% of all 

possible regression models using the parameters in Tables 2.4 and 2.5 to explain the variation in 

in situ seedlings at both sites (Tables 2.4, 2.5). In situ seedling counts increased by 0.06 and 0.03 

seedlings m-2 for every unit increase in bare soil at I-minus 1 and NE-14, respectively (Tables 

2.4, 2.5). By itself, bare soil explained over 50% of variance in in situ seedling counts at each 
site in linear regression (F 1,38 = 40.72, P < 0.0001 at I-minus 1 and F 1,38 = 41.46, P < 0.0001 at 

NE-14; Figure 2.5a). Bare soil was important in explaining higher birch + willow seedling 

counts and smaller seedbanks at NE-14 (Table 2.5). By itself, bare soil explained 42% of the 

variation in seedbank size at NE-14 in linear regression (F 1,12 = 10.39, P < 0.001; Figure 2.5b).

Shrub and graminoid cover were dominant at I-minus 1, and of high relative importance at 

this site. Seedlings and percent germination decreased on average by -0.07 and -0.01, 

respectively, per unit increase in shrub and graminoid cover (Table 2.4). Available NH4+ and 

NO3- had low relative importance in models explaining in situ seedlings at I-minus 1 (Table 2.4), 
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but in linear regression they explained 16% of the variance in in situ seedlings (F 1,38 = 8.61, P < 

0.01; Figure 2.5f).

2.3.4 Other environmental conditions related to bare soil

We looked at environmental variables that had to be omitted from relative importance 

analysis due to their high correlation to bare soil. Soil temperature was highly correlated to bare 

soil at I-minus 1 (r = 0.78); by itself it explained 64% of the variation in in situ seedling counts 

in linear regression (F 1,38 = 71.02, P < 0.0001; Figure 2.5c). Percent germination of I-minus 1 

seedbanks in the greenhouse increased linearly for samples taken from plots with soil 

temperatures ranging from 5 - 11 °C (Figure 2.5d), accounting for 71% of model variance in 

linear regression (F 1,14 = 36.88, P < 0.0001). In situ seedling abundance was highly correlated to 

bare soil at I-minus 1 (r = 0.75) and was useful to understand recruitment dynamics at this site. 

When percent germination in the greenhouse was used to predict in situ seedling counts in linear 

regression, the model was significant, explaining 37% of the variance in seedling abundance at I- 

minus 1 (F 1,14 = 9.83, P < 0.01; Figure 2.5e), demonstrating that seedling recruitment may be 

occurring from this seedbank.

2.3.5 Niche separation of seedlings versus seedbanks

Canonical correspondence plots suggest there may be less niche separation of species at the 

recruitment stage than during formation of seedbanks (Figures 2.6a,b). In situ seedlings of most 

species were more abundant with bare soil and available nutrients common to young RTS 

(Figure 2.6a). The full model explained half of the variation and was significant in MANOVA 

(Wilk's Lambda (l): 0.467, F25,261.54 = 2.383, P < 0.001). The model produced four correlation 

functions between five species and five environmental gradients, with most correlations 

explained in the first two axes (constrained eigenvalues: 0.621, 0.391, 0.287, and 0.148 for 

CCA1 through CCA4, respectively). Linear Combination (LC) scores of CCA 1 described a 

gradient of undisturbed and older RTS sites: greater shrub cover, less bare soil, lower soil 

temperatures and less available nitrogen, where most birch seedlings were found. CCA2 

described a gradient of open ground containing forb, graminoid and dicot seedlings, less shrub 

cover, warmer soils and more available nitrogen characteristic of young (‘Y’) RTS plots and 

some heath characteristic of late succession and undisturbed control plots (‘O’ and ‘C’, 
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respectively; Figure 2.6a). In post-hoc univariate analysis, graminoid and forb seedlings were 

respectively associated with bare soil and available nitrogen, accounting for 21% and 14%, 

respectively, of model variance in ANOVA (F5,74 = 5.27, P < 0.001 and F5,74 = 3.56, P < 0.01, 

respectively; Figure 2.6a). Willow seedling counts were significantly higher in bare soil plots in 

linear regression (F1,78 = 5.40, P = 0.022), but canonical plots show a trend of willow seedling 

abundance with warmer soils and decreasing heath cover, explaining 7% of model variance in 

ANOVA (F5,74 = 2.15, P = 0.069; Figure 2.6a). Birch and unidentified dicots showed no 

significant association to environmental gradients in ANOVA (F5,74 = 0.471, P = 0.797 and F5,74 

= 0.520, P = 0.76, respectively), likely due to scattered distribution across gradients.

Seedbank sizes (seeds m-2) were larger with mid-to late succession and undisturbed control 

plant cover, including cover of the same species or plant functional type (Figure 2.6b). The full 

model produced six correlation functions for eight species and five environmental variables 

(eigenvalues for constrained axes 1 through 6: 0.279, 0.189, 0.127, 0.064, 0.035, and 0.002, 

respectively) and was significant in MANOVA (Wilk's λ: 0.029, F48, 82.789 = 1.8 1 6, P < 0.01). 

Variance explained by constrained axes was 44%, about half of the variance expressed as 1-l. 

LC scores in CCA1 described a gradient of tundra dominated by graminoids, forbs, and 

pteridophytes; CCA2 explained a gradient of deciduous shrub tundra with pteridophytes, some 

forbs and mosses, and heath cover. In univariate analysis, sedge seedbanks were significantly 

larger with increasing graminoid, forb and pteridophyte cover (ANOVA: F6,23 = 3.94, P = 0.008; 

Figure 2.6b), explaining 38% of model variance. Forb seedbanks were larger with greater 

graminoid, moss, and pteridophyte cover, and smaller with increasing heath cover, accounting 

for 32% of the variance in ANOVA (F6,23 = 3.28, P = 0.018; Figure 2.6b). Willow seedbanks 

showed a trend of larger size with deciduous shrub and forb cover in ANOVA (F6,23 = 2.34, P = 

0.065; Figure 2.6b), as did evergreen seedbanks (mainly Vaccinium spp. and Empetrum nigrum) 

with mosses (F6,23 = 2.284, P = 0.071; Figure 2.6b), explaining 22% and 21% of model variance, 

respectively. Seedbanks of birch and ‘other deciduous' species (mainly Arctostaphylos spp.) 

were somewhat positively associated with greater deciduous shrub cover although these results 

were of little significance in ANOVA (F6,23 = 2.14, P = 0.087 and F6,23 = 1.78, P = 0.142, 

respectively). Grass seedbanks had no significant relationship to cover (ANOVA: F6,23 = 0.79 P 

= 0.59), likely due to spatially scattered distribution.
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2.4 Discussion

2.4.1 RTS and seedbank dynamics

We predicted seedling recruitment was higher in RTS than in surrounding undisturbed 

tundra, and best in young RTS due to a newer seedbank and better conditions for germination 

and growth. We found in situ seedlings only in RTS; no seedlings were found in undisturbed 

tundra, lending support for our hypothesis. We found no evidence of a trade-off between 

seedbank quantity and quality to support our second hypothesis. Age effects on in situ seedling 

counts and greenhouse germination trials demonstrate that the source of recruitment in some 

RTS is likely from the seedbank. Our results suggest that recent RTS can be potential hotspots of 

seedling recruitment, and recruitment rates appear to be comparable to other types of tundra 
disturbance (Nystuen et al. 2014; Sutton et al. 2018).

2.4.2 Role of environmental characteristics in recruitment

Seedling success in arctic tundra has been associated with the absence of neighboring plants 

(Gough 2006), germination on bare soil (Billings & Mooney 1968; Noble 1979; Bishop & 
Chapin 1989; Van Splunder et al. 1995), warmer soils (Milbau et al. 2009), moisture (Bell & 

Bliss 1980), nutrients (Gough, Bass, & McLaren 2015), shelter provided by plants (Billings & 
Mooney 1968; Carlsson & Callaghan 1991; Cooper et al. 2004; Graae et al. 2011) and 

depressions in the ground (Alsos et al. 2003; Graae et al. 2011). Our in situ seedling counts and 

seedbank viability were either negatively correlated with plant cover or had no association. We 

found bare soil to be a variable of high importance, likely because it integrates other variables of 

biological significance, including space for germination and warmer soils. We did not measure 

RTS sheltering effects but found warmer soil temperatures in young RTS plots, which tended to 

be more collapsed than undisturbed ground. Sheltered microsites may reduce exposure of seeds 

and seedlings to winds in the lee of the RTS headwall or buffer temperature extremes by trapping 

snow (Sturm, Racine & Tape 2001), allowing rapid germination following snowmelt. 

Conversely, winter seedling mortality may be higher in sheltered depressions where seedling 

emergence is high (Venn & Morgan 2009; Graae et al. 2011), however, sites of high average 

recruitment may experience higher seedling turnover (Van Mantgem et al. 2006). Although 

seedling niches may vary among species (Eriksson 2002), our canonical correspondence analysis 

shows seedling abundance across species and plant functional types was greater in recently 
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disturbed ground where soils are more likely to be bare, warmer, and more nutrient-rich than late 

succession or undisturbed tundra.

Increased thawing is predicted to change the nutrient balance of permafrost soils, resulting 

in vegetation shifts as tundra communities respond to increased nutrient availability (Gooseff et 
al. 2009; Becker et al. 2016; Wang et. al. 2017). Fertilization studies in the Toolik Lake area 

demonstrated that nutrients stimulate deciduous shrub growth (Chapin et. al. 2005), and when 

nutrient demands are met, shrub productivity becomes more sensitive to other limiting factors 

such as temperature and light availability (Shaver et al. 2001). In open, warm microsites with 

adequate nutrient supply, dwarf birch and willow recruits can be expected to overtop other 

species within a few years. Compared to our undisturbed controls, available NH4+ did not change 

in RTS soils of different disturbance age, possibly due to the effects of higher quality litter 

production in older shrub-dominated RTS (Buckeridge et al. 2009). Available NO3- showed a 

similar pattern to differences in soil temperature at the middle-aged RTS at I-minus 1 (Figures 

2.4d,b). A decrease in NO3- levels within the first 1-2 decades at the middle-aged RTS implies 

plants are taking up the available nutrient supply. The fact that we found cooler soils under the 

tallest and widest shrubs suggests the combined effects of leaf canopy shading and litterfall. 

These results agree in part with previous research that shrubs may affect ground temperatures 

differently in summer than in winter (Blok et al. 2010).

2.4.3 Seedbank characteristics

The lack of a trade-off between seedbank size and viability over time in our results suggests 

these properties are independent. Seedbanks in open tundra environments are expected to form 

through entrapment of wind- and water-dispersed seed (Chambers, 1995; Alsos et al. 2003) and 

from seed rain (Fox 1983). Although we found RTS to be more collapsed than adjacent 

undisturbed areas, we found no evidence that RTS sites trapped more seed than the flatter ground 

of undisturbed tundra. RTS are destructive events, resulting in soil wasting and mixing of soil 

layers (Pizano et al. 2014), and may be composed of combinations of new seed rain and 

uncovered old seed (Gartner et al. 1983; Ebersole 1989; McGraw et al. 1991). In partial support 

of Fox's (1983) prediction that seedbank size increases with plant productivity and seed rain, we 

found most seedbanks associated with plant cover, although seed rain showed no relationship to 

seedbank size. Our seedbanks ranged from 71 to 10,000 seeds m-2 (untransformed count data) 
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and were not different from seedbank sizes reported in studies from temperate and northern 
latitudes (Thompson 1978; Fox 1983; Ebersole 1989; Alsos et al. 2003; Cooper et al. 2004). The 

fate of arctic seeds is therefore likely determined by the same interactive processes that form 

seedbanks at other latitudes (Thompson 1978; Chambers 1995).

In contrast to sedge-dominated seedbanks found in some Alaskan arctic soils (Ebersole 

1989), the largest seedbanks we found were from NE-14's old RTS and undisturbed tundra and 

were primarily composed of dwarf birch (Betula nana) and evergreen species (mainly Vaccinium 

spp. and Empetrum nigrum). This may be in part due to our goal to sample relatively recent seed 

input at an average depth of 3 cm, compared to Ebersole's (1989) sampling at 10 cm depths, as 

the latter method likely resulted in greater numbers of buried seed. Dwarf birch seed is common 

throughout the Arctic, but is considered short-lived compared to sedge species, many of which 

are known to survive burial (Ebersole 1989). Because short-lived seed may not be adequately 

represented in studies of soil seedbanks at deeper depths, we felt our sampling method was 

appropriate in order to understand the relationship of seedbanks to the tall shrub thickets we 
found in RTS.

Birch and willow seed accounted for over half of some seedbanks, but low percent 

germination along with higher decay of willow seed in our greenhouse trials suggests 

recruitment in the field may be lower. Seedbank studies of High Arctic populations (Cooper et 

al. 2004) suggest greenhouse trials may not reflect in situ recruitment; however, Low Arctic 

populations may not be as seed-limited as High Arctic populations due to a longer growing 

season, likely resulting in greater production of viable seed. Ebersole (1989) found dwarf birch 

and willow are common colonizers of disturbed tundra in the Alaskan Low Arctic; and given that 

birch and willow produce large quantities of seed, in situ germination rates of 1-6% could be 

sufficient for recruitment in suitable microsites. It has been estimated that as few as 6 to 38 

seedlings, followed by clonal growth, is sufficient to establish existing populations of these 

species at the northern limits of their ranges (Alsos et al. 2007). Perhaps the best evidence that 

germination rates may be sufficient for shrub establishment in the Toolik Lake area is that the 

RTS we observed were filled with shrubs within a few decades.

We did not follow the fate of in situ seedlings over time, nor did we account for resprouting 

vegetative propagules in this analysis (Alsos et al. 2003). Evidence from temperate and boreal 

forest fires suggests that seedling counts of woody species are highest within the first 5 years of 
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disturbance, and that revegetation occurs within the first decade (Johnstone et al. 2004; Rydgren 

et al. 2004; Romme et al. 2005). Similarly, thermokarst revegetation can occur if exposed soils 

stabilize within a year after disturbance (Gooseff et al. 2009). Our results agree qualitatively with 

these, because we saw the most seedlings in the sites < 1 decade old.

2.4.4 Tundra succession following RTS

It is unknown whether increasing frequency of thermal erosion will lead to different 

vegetation communities (Becker et al. 2016; Wang et al. 2017) or if the tall shrub thickets we see 

in RTS in the Toolik Lake area represent a mid-successional stage of MAT recovery. Viereck 

(1966) states that the transition from tall deciduous shrub thickets to dwarf shrubs, and finally to 

MAT, is more likely to occur once moss layers are developed, as this allows lateral expansion of 

adventitious roots for species other than willow and creates suitable moisture regimes for 

establishment of Eriophorum vaginatum tussocks. Ages of the two oldest RTS we sampled 

estimated in a previous study were found to be widely different (30 years and 380 years, 

respectively; Table 2.1), but these differences are useful in understanding what might happen 

decades versus centuries after RTS formation. Average canopy height of the tallest shrubs we 

measured at the 30-year old RTS was over 0.4 m taller than at the 380-year old RTS (Figure 

2.4i). Interestingly, 3-4 centuries after disturbance, vegetation at the oldest RTS (at I-minus 1) 

was more similar in height and composition to the undisturbed MAT control located on the 

opposite side of the lake at this chronosequence (Figures 2.2d; 2.4g,i). This, and previous studies 

of the area, suggest that although disturbance type and severity may influence successional 

outcomes, tundra communities appear to be resilient (Vavrek et al. 1999; Bret-Harte et al. 2013). 

Our observations at I-minus 1 and NE-14 suggest that tall shrub thickets may not represent a 

vegetation shift, but rather a mid-successional phase, and that MAT may require several 

centuries to recover from RTS disturbance.

2.4.5 Adaptive potential of seedbanks to climate change

Seedbanks represent a naturally occurring genetic time capsule of a past world. The cold dry 

conditions of permafrost soils may be similar to artificial seedbanks in preserving seed longevity 

(Yashina et al. 2012), however, it is largely unknown how old viable buried seed may be or to 

what extent it contributes to arctic vegetation communities. Historically, the Arctic has 
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transitioned from graminoid tundra to shrub tundra in response to changing climate patterns 

during the Late Glacial Maximum (Naito & Cairns 2011; Mann et al. 2013), but it is not well 

understood whether new populations arising from long-buried seed can adapt to rapid 

anthropogenic change. Successful germination of plants from putative ancient seedbanks 

(Yashina et al. 2012) and genetic diversity comparisons of above-ground populations to their 

seedbanks (Honnay et al. 2008) suggest that species with long-lived seed may have sufficient 

genetic resources to adapt to rapid change. Species producing short-lived seed, on the other hand, 

may be at greater risk of extinction through genetic drift if external changes lead to habitat loss 

(Honnay et al. 2008). Shrub expansion in disturbed permafrost soils may be especially critical for 

species that produce ephemeral seed, as they may rely more heavily on recruitment and 

establishment to maintain gene flow than species with persistent seed.

Although it is likely that thermokarst failures are occurring with greater frequency now than 

in the past, lake sediments and charcoal deposits provide evidence of Late Holocene thermokarst 

activity 3,000 to 10,000 years ago in the Canadian Arctic (Dallimore et al. 2000) and Siberia 

(Katamura et al. 2009). It has been proposed that due to low rates of plant turnover in the Arctic, 

the plants we see today, and their seedbanks, are not very different genetically from historical 

populations, and that adaptation to future conditions may be dependent upon recruitment of new 

populations (McGraw 1993). Our study found that thermal erosional disturbance may stimulate 

recruitment in an area of the world where the contribution of seedlings is considered infrequent.

2.5 Conclusion

Our work suggests that shrub recruitment from seed in young RTS could be important in the 

development of the tall shrub communities we observed in older RTS. As with previous studies, 

our study has uncovered the importance of local variation in environmental characteristics as 

potential predictors of seedling success in the Arctic. Additional research of recruitment and 

thermal erosion at additional sites is needed, but our results suggest that due to opportunities for 

seed germination in nutrient-rich open ground and to potential sheltering effects, RTS may act as 

seedling nurseries that could benefit many arctic species, especially those which do not produce 

persistent seed.

23



2.6 Acknowledgments

Many thanks to D. Wolf and D. Wagner for helpful comments. Thanks to the staff of Toolik 

Field Station, University of Alaska Fairbanks, for logistical support. Thanks to F. J. Huebner, D. 

Walsh, and J. Spafford for field assistance, M. Wright for germination assistance, and P.M. Ray 

and A. Stephens for assistance with plant identification. Special thanks to R. Barry, C. Mulder, 

H. Genet and T. Hollingsworth for assistance with drafts and statistical questions. This study 

was financially supported by the Arctic Institute of North America (DCH), the National Science 
Foundation (DEB 1556481, DEB 1637459 and PLR 1623461 to MSBH), the University of 

Alaska Fairbanks Center for Global Change/Alaska Climate Center Student Research Grant 

(DCH), the University of Alaska Fairbanks Dissertation Completion Grant (DCH), the 

University of Alaska Fairbanks Institute of Arctic Biology Director’s Office (DCH), the 

University of Alaska Fairbanks Institute of Arctic Biology Graduate Research Fellowship 

(DCH), the University of Alaska Fairbanks Office of the Vice Chancellor for Research (DCH), 

and the University of Alaska Fairbanks Randy Howenstein Memorial Field Research Fund 
(DCH).

2.7 Authors’ Contributions

DCH and MSBH conceived of the ideas and designed the methodology; DCH conducted 

field sampling and greenhouse experiments. DCH analyzed the data, with assistance from MSBH 

and others. Both authors contributed critically to the drafts and gave final approval for 

publication.

2.8 Data Accessibility

All data will be archived in the Dryad Digital Repository. Provisional DOI: 

doi:10.5061/dryad.rh807 Data files: Seedling and Seedbank data

2.9 References

Akaike, H. (1992). Information Theory and an Extension of the Maximum Likelihood Principle.
In S. Kotz & N.L. Johnson (Eds.), Breakthroughs in Statistics, Springer Series in Statistics 
(pp. 610-624). New York, NY: Springer.

Alsos, I. G., Spjelkavik, S., & Engelskj0n, T. (2003). Seed bank size and composition of Betula 
nana, Vaccinium uliginosum, and Campanula rotundifolia habitats in Svalbard and northern 
Norway. Canadian Journal of Botany, 81, 220-231.

24



Alsos, I. G., Eidesen, P. B., Ehrich, D., Skrede, I., Westergaard, K., Jacobsen, G. H., & 
Brochmann, C. (2007). Frequent long-distance plant colonization in the changing 
Arctic. Science, 316, 1606-1609.

Baskin, C. C, Thompson, K., & Baskin, J. M. (2006). Mistakes in germination ecology and how 
to avoid them. Seed Science Research, 16, 165-168.

Becker, M. S., Davies, T. J., & Pollard, W. H. (2016). Ground ice melt in the high Arctic leads to 
greater ecological heterogeneity. Journal of Ecology, 104, 114-124.

Bell, K. L., & Bliss, L. C. (1980). Plant reproduction in a high arctic environment. Arctic and 
Alpine Research, 1-10.

Belshe, E. F., Schuur, E. A. G., & Grosse, G. (2013). Quantification of upland thermokarst 
features with high resolution remote sensing. Environmental Research Letters, 8, 35016.

Billings, W. D., & Mooney, H.A. (1968). The ecology of arctic and alpine plants. Biological 
Reviews, 43, 481-529.

Bishop, S. C., & Chapin, F. S., III. (1989). Establishment of Salix alaxensis on a gravel pad in 
arctic Alaska. Journal of Applied Ecology, 26, 575-583.

Bliss, L. C., & Matveyeva, N. V. (1992). Circumpolar arctic vegetation. Arctic ecosystems in a 
changing climate: an ecophysiological perspective, 59-89.

Blok, D., Heijmans, M. M. P. D., Schaepman-Strub, G., Kononov, A. V., Maximov, T. C., & 
Berendse, F. (2010). Shrub expansion may reduce summer permafrost thaw in Siberian 
tundra. Global Change Biology, 16, 1296-305.

Bonfils, C. W. J., Phillips, T. J., Lawrence, D. M., Cameron-Smith, P., Riley, W. J., & Subin, Z. 
M. (2012). On the influence of shrub height and expansion in northern high latitude climate. 
Environmental Research Letters, 7, 2-9.

Bowden, W. B., Gooseff, M. N., Balser, A., Green, A., Peterson, B. J., & Bradford, J. (2008). 
Sediment and nutrient delivery from thermokarst features in the foothills of the North Slope, 
Alaska: Potential impacts on headwater stream ecosystems. Journal of Geophysical 
Research, 113, G02026, DOI:10.1029/2007JG000470.

Box, G. E. P., & Cox, D. R. (1964). An Analysis of Transformations. Journal of the Royal 
Statistical Society. Series B (Methodological), 26, 211-252.

Bret-Harte, M. S., Mack, M. C., Shaver, G. R. Shaver, Huebner, D. C., Johnson, M., Mojica, C. 
A., Pizano, C., & Reiskind, J. A. (2013). The response of Arctic vegetation and soils 
following an unusually severe fire. Philosophical Transactions of the Royal Society B, 368, 
20120490.

Buckeridge, K. M., Zufelt, E., Chu, H., & Grogan, P. (2009). Soil nitrogen cycling rates in low 
arctic shrub tundra are enhanced by litter feedbacks. Plant Soil, 330, 407-421.

Buckeridge, K. M., & Grogan, P. (2010). Deepened snow increases late thaw biogeochemical 
pulses in mesic low arctic tundra. Biogeochemistry, 101, 105-121.

Burnham, K. P., & Anderson, D. R. (2004). Multimodel inference: understanding AIC and BIC 
in model selection. Sociological MethodsResearch, 33, 261-304.

Carlsson, B. A., & Callaghan, T. V. (1991). Positive plant interactions in tundra vegetation and 
the importance of shelter. Journal of Ecology,79, 973-983.
Chambers, J. C. (1995). Disturbance, life history strategies, and seed fates in alpine herbfield 

communities. American Journal of Botany, 421-433.
Chapin, F. S. (2005). Role of Land-Surface Changes in Arctic Summer Warming. Science, 310, 

657-660.

25



Chapin, F. S., III, Viereck, L. A., Adams, P. C., Van Cleve, K., Fastie, C. L., Ott, R. A., 
Mann, D. H., & Johnstone, J. F. (2006b). Successional processes in the Alaskan boreal 
forest. In F. S. Chapin, III, M.W. Oswood, K. Van Cleve, L.A. Viereck, & D.L. Verbyla 
(Eds.), Alaska's Changing Boreal Forest (pp.100-120). New York, NY: Oxford 
University Press.

Cooper, E. J., Alsos, I. G., Hagen, D., Smith, F. M., Coulson, S. J., & Hodkinson, I. D. (2004). 
Plant recruitment in the High Arctic: Seed bank and seedling emergence on Svalbard. 
Journal of Vegetation Science, 15, 115-124.

Dallimore, A., Schroder-Adams, C. J., & Dallimore, S. R. (2000). Holocene environmental history 
of thermokarst lakes on Richards Island, Northwest Territories, Canada: theocamoebians as 
paleolimnological indicators. Journal of Paleolimnology, 23, 261-283.

DeMarco, J., Mack, M. C., & Bret-Harte, M. S. (2011). The Effects of Snow, Soil 
Microenvironment, and Soil Organic Matter Quality on N Availability in Three Alaskan 
Arctic Plant Communities. Ecosystems, 14, 804-817.

Dobkowski, J. (2014). Wolverine Lake thermokarst timelapse. 
https://www.youtube.com/watch?v=4fCAcoy0X0M accessed October 23, 2019.

Douglas, D. A. (1995). Seed germination, seedling demography, and growth of Salix setchelliana 
on glacial river gravel bars in Alaska. Canadian Journal of Botany 73, 673-679.

Ebersole, J. J. (1989). Role of the seed bank in providing colonizers on a tundra disturbance in 
Alaska. Canadian Journal of Botany, 67, 466-471.

Eriksson, O. (1989). Seedling dynamics and life histories of clonal plants. Oikos, 55, 231-238.
Eriksson, O., & Froborg, H. (1996). “Windows of opportunity” for recruitment in long-lived 

clonal plants: experimental studies of seedling establishment in Vaccinium shrubs. Canadian 
Journal of Botany, 74, 1369-1374.

Eriksson, O. (2002). Ontogenetic niche shifts and their implications for recruitment in three 
clonal Vaccinium shrubs: Vaccinium myrtillus, Vaccinium vitis-idaea, and Vaccinium 
oxycoccos. Canadian Journal of Botany, 80, 635-641.

Euskirchen, E. S., McGuire, A. D., Chapin, F. S., Yi, S., & Thompson, C. C. (2009). Changes in 
vegetation in northern Alaska under scenarios of climate change, 2003-2100: implications 
for climate feedbacks. Ecological Applications, 19, 1022-1043.

Fox, J. F. (1983). Germinable seed banks of interior Alaskan tundra. Arctic and Alpine Research, 
405-411.

Frost, G.V., Epstein, H. E., Walker, D. A., Matyshak, G., & Ermokhina, K. (2013). Patterned- 
ground facilitates shrub expansion in Low Arctic tundra. Environmental Research Letters, 8, 
15035.

Gartner, B. L., Chapin, F. S., & Shaver, G. R. (1983). Demographic Patterns of Seedling 
Establishment and Growth of Native Graminoids in an Alaskan Tundra Disturbance. The 
Journal of Applied Ecology, 20, 965.

Godsey, S., Gooseff, M., & Lewcowicz, A. (2010). Horn Lake thermokarst: what happens when 
permafrost thaws? https://www.youtube.com/watch?v=CVKsZhrsAec accessed October 23, 
2019.

Gooseff, M. N., Balser, A., Bowden, W. B., & Jones, J. B. (2009). Effects of hillslope 
thermokarst in northern Alaska. Eos, Transactions American Geophysical Union, 90, 29-30.

Gough, L. (2006). Neighbor effects on germination, survival, and growth in two arctic tundra 
plant communities. Ecography, 29, 44-56.

26

https://www.youtube.com/watch?v=4fCAcoy0X0M
https://www.youtube.com/watch?v=CVKsZhrsAec


Gough, L., Bass, H., & McLaren, J. R. (2015). Effects of increased soil nutrients on seed rain: a 
role for seed dispersal in the greening of the Arctic? Arctic, Antarctic, and Alpine Research, 
47, 27-34.

Graae, B. J., Ejrnæs, R., Lang, S. I., Meineri, E., Ibarra, P. T., & Bruun, H. H. (2011). Strong 
microsite control of seedling recruitment in tundra. Oecologia, 166, 565-576.

Grime, J. P. (1977). Evidence for the existence of three primary strategies in plants and its 
relevance to ecological and evolutionary theory. The American Naturalist, 111(982), 1169
1194.

Hamilton, T. D. (2003). Glacial Geology of the Toolik Lake and upper Kuparuk River regions. 
In D. A. Walker (Ed.), Biology Papers, University of Alaska 26. Fairbanks, AK: University 
of Alaska, Institute of Arctic Biology.

Harmaja, H. (1991). Taxonomic notes on Rhododendron subsection Ledum (Ledum, Ericaceae), 
with a key to its species. Annales Botanici Fennici. The Finnish Botanical Publishing Board, 
171-173.

Honnay, O., Bossuyt, B., Jacquemyn, H., Shimono, A., & Uchiyama, K. (2008). Can a seed bank 
maintain the genetic variation in the above ground plant population? Oikos, 117: 1-5. 
doi:10.111/j.2007.0030-1299.16188.x.

Hulten, E. (1968). Flora of Alaska and Neighboring Territories: A manual of the vascular plants. 
Standford, CA: Stanford University Press.

IPCC (2014). Climate change 2014: synthesis report. Contribution of Working Groups I, II and 
III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (eds. 
Core Writing Team, R. K. Pachauri & L. A. Meyer), pp. 1-151. IPCC, Geneva, Switzerland.

Johnstone, J. F., Chapin, F. S., III, Foote, J., Kemmett, S., Price, K., & Viereck, L. (2004). 
Decadal observations of tree regeneration following fire in boreal forests. Canadian Journal 
of Forestry Research, 34, 267-273.

Katamura, F., Fukuda, M., Bosikov, N. P., & Desyatkin, R.V. (2009). Charcoal records from 
thermokarst deposits in central Yakutia, eastern Siberia: Implications for forest fire history 
and thermokarst development. Quaternary Research, 71, 36-40.

Lantz, T. C., Kokelj, S. V., Gergel, S. E., & Henry, G. H. R. (2009). Relative impacts of 
disturbance and temperature: persistent changes in microenvironment and vegetation in 
retrogressive thaw slumps. Global Change Biology, 15, 1664-1675.

Lawrence, D. M. & Swenson, S. C. (2011). Permafrost response to increasing Arctic shrub 
abundance depends on the relative influence of shrubs on local soil cooling versus large- 
scale climate warming. Environmental Research Letters, 6, 045504.

Mann, D. H., Groves, P., Kunz, M. L., Reanier, R. E., & Gaglioti, B. V. (2013). Ice-age 
megafauna in Arctic Alaska: extinction, invasion, survival. Quaternary Science Reviews, 
70, 91-108.

McGraw, J. B., Vavrek, M. C., & Bennington, C. C. (1991). Ecological genetic variation in seed 
banks. I. Establishment of a time-transect. Journal of Ecology, 79, 617-626.

McGraw, J. B. (1993). Ecological genetic variation in seed banks. IV. Differentation of extant 
and seedbank-derived populations of Eriophorum vaginatum. Arctic and Alpine Research, 
1, 45-49.

Milbau, A., Graae, B. J., Shetsova, A., & Nijs, I. (2009). Effects of a warmer climate on seed 
germination in the subarctic. Annals of Botany, 104, 287-296.

27



Milbau, A., Shevtsova, A., Olser, N., Mooshammer, M., & Graae, B. J. (2013). Plant community 
type and small-scale disturbances, but not altitude, influence the invisibility in subarctic 
ecosystems. New Phytologist, 197, 1002-1011.

Munier A., Hermanutz, L., Jacobs, J. D., & Lewis, K. (2010). The interacting effects of 
temperature, ground disturbance, and herbivory on seedling establishment: implications for 
treeline advance with climate warming Plant Ecology, 210, 19-30.

Murdoch, A. J., & Ellis, R. H. (1992). Longevity, viability and dormancy. In M. Fenner (Ed.), 
Seeds: The ecology of regeneration in plant communities (pp.193-229). Wallingford, UK: 
CAB International.

Naito, A. T., & Cairns, D. M. (2011). Patterns and processes of global shrub expansion. Progress 
in Physical Geography, 35, 423-442.

Noble, M. G. (1979). The origin of Populus deltoides and Salix interior zones on point bars 
along the Minnesota River. American Midland Naturalist, 102, 59-67.

Noy-Meir, I., Walker, D., & Williams, W. (1975). Data transformations in ecological ordination: 
II. On the meaning of data standardization. Journal of Ecology, 63(3), 779-800. 
doi:10.2307/2258601.

Nystuen, K.O., Evju, M., Rusch, G. M., Graae, B. J. & Eide, N. E. (2014). Rodent population 
dynamics affect seedling recruitment in alpine habitats. Journal of Vegetation Science, 25, 
1004-1014.

Petit, R. J. (2004). Biological invasions at the gene level. Diversity and Distributions, 10, 159
165.

Pizano, C., Baron, A. F., Schuur, E. A. G., Crummer, K. G., & Mack, M. C. (2014). Effects of 
thermo-erosional disturbance on surface soil carbon and nitrogen dynamics in upland arctic 
tundra. Environmental Research Letters, 9, 75006.

Quinn, G. P. & Keough, M. J. (2002). Graphical exploration of data. Experimental Design and 
Data Analysis for Biologists, p. 68. Cambridge, UK: Cambridge University Press.

R Core Team. (2017). R: A language and environment for statistical computing. Vienna, AT: R 
Foundation for Statistical Computing.

Romme, W. H., Turner, M. G., Tuskan, G. A., & Reed, R. A. (2005). Establishment, persistence, 
and growth of aspen (Populus tremuloides) seedlings in Yellowstone National Park. 
Ecology, 86, 404-418.

Rowe, J. S. (1983). Concepts of fire effects on plant individuals and species. In R. W. Wein & D. 
A. MacLean (Eds.), The Role of Fire in Northern Circumpolar Ecosystems (pp. 135-154), 
New York, NY: Wiley.

Rydgren, K., 0kland, R. H., & Hestmark, G. (2004). Disturbance severity and community 
resilience in a boreal forest. Ecology, 85, 1906-1915.

Schimel, J. P., Bilbrough, C., & Welker, J. M. (2004). Increased snow depth affects microbial 
activity and nitrogen mineralization in two Arctic tundra communities. Soil Biology and 
Biochemistry, 36, 217-227.

Schuur, E. A. G., Crummer, K. G., Vogel, J. G., & Mack, M. C. (2007). Plant species 
composition and productivity following permafrost thaw and thermokarst in Alaskan tundra. 
Ecosystems, 10, 280-292.

Shaver, G. R., Bret-Harte, M. S., Jones, M. H., Johnstone, J., Gough, L., Laundre, J. and Chapin, 
F.S., III, (2001). Species composition interacts with fertilizer to control long-term change in 
tundra productivity. Ecology, 82, 3163-3181.

28



Spellman, K., Schneller, L. C., Mulder, C. P. H., & Carlson, M. L. (2015). Effects of non-native 
Melilotus albus on pollination and reproduction in two boreal shrubs. Oecologia, 179, 495
507.

Sturm, M., Racine, C., & Tape, K. (2001). Climate change: increasing shrub abundance in the 
Arctic. Nature, 411, 546-547.

Sturm, M., Schimel, J., Michaelson, G., Welker, J.M., Oberbauer, S.F., Liston, G.E., Fahnestock, 
J. & Romanovsky, V.E. (2005). Winter Biological Processes Could Help Convert Arctic 
Tundra to Shrubland. BioScience, 55, 17.

Sutton, J. T., Hermanutz, L., & Jacobs, J. D. (2018). Are frost boils important for the recruitment 
of arctic-alpine plants? Arctic, Antarctic, and Alpine Research, 38, 273-275.

Tape, K. D., Lord, R., Marshall, H. P., & Ruess, R.W. (2010). Snow-mediated Ptarmigan 
Browsing and Shrub Expansion in Arctic Alaska. Ecoscience, 17, 186-193.

Tape, K. D., Jones, B. M, Arp, C. D., Nitze, I., & Grosse, G. (2018). Tundra be dammed: Beaver 
colonization of the Arctic. Global Change Biology, Accepted Author Manuscript. 
doi:10.1111/gcb.14332.

Ter Braak C. F. J. (1986). Canonical correspondence analysis: A new eigenvector technique for 
multivariate direct gradient analysis. Ecology, 67, 1l67-79.

Ter Heerdt, G. N. J., Verweij, G. L., Bekker, R. M., & Bakker, J. P. (1996). An improved 
method for seed-bank analysis: seedling emergence after removing the soil by sieving. 
Functional Ecology, 10, 144.

Thompson, K. (1978). The occurrence of buried viable seeds in relation to environmental 
gradients. Journal of Biogeography, 5, 425-430.

Van Mantgem, P. J., Stephenson, N. L., & Keeley, J. E. (2006). Forest reproduction along a 
climatic gradient in the Sierra Nevada, California. Forest Ecology and Management, 225, 
391-399.

Van Splunder, I., Coops, H., Voeseneck, L. A. C. J., & Blom, C. W. P. M. (1995). Establishment 
of alluvial forest species in floodplains: the role of dispersal timing, germination 
characteristics, and water level fluctuations. Acta Botanica Neerlandica, 44, 269-278.

Vavrek, M. C., Fetcher, N., McGraw, J. B., Shaver, G. R., Chapin III, F.S., & Bovard, B. (1999). 
Recovery of productivity and species diversity in tussock tundra following disturbance. 
Arctic, Antarctic, and Alpine Research, 31, 254-8.

Venn, S. E., & Morgan, J. W. (2009). Patterns in alpine seedling emergence and establishment 
across stress gradient of mountain summits in south-eastern Australia. Plant Ecological 
Diversity 1, 5-16.

Viereck, L. A. (1966). Plant succession and soil development on gravel outwash of the Muldrow 
Glacier, Alaska. Ecological Monographs, 36, 181-199.

Wang, P., Limpens, J., Mommer, L., van Ruijven, J., Nauta, A. L., Berendse, F., Schaepman- 
Strub, G., Blok, D., Maximov, T. C. and Heijmans, M. M.P.D. (2017). Above- and below
ground responses of four tundra plant functional types to deep soil heating and surface soil 
fertilization. Journal of Ecology, 105, 947-957.

Whitledge, T. E., Malloy, S. C., Patton, C. J., & Wirick, C. D. (1981). Automated nutrient 
analyses in seawater (No. BNL-51398). Upton, NY: Brookhaven National Lab.

Wyse, S. V., & Dickie, J. B. (2017). Predicting the global incidence of seed desiccation 
sensitivity. Journal of Ecology, 105, 1082-1093.

29



Yashina, S., Gugin, S., Maksimovich, S., Yashina, A., Gakhova, E., & Gilichinsky, D. (2012). 
Regeneration of whole fertile plants from 30,000-y-old fruit tissue buried in Siberian 
permafrost. Proceedings of the National Academy of Sciences of the United States of 
America, 109, 4008-4013.

2.10 Figures and Tables

Figure 2.1 Overview of RTS

(a) Overview of a young (1-10 years old) retrogressive thaw slump (RTS) on the south shore of 
lake NE-14 in the Alaskan Low Arctic, (b) dead shrub in RTS chute at lake I-minus 1 caused by 
mass soil wasting, (c) seedlings on bare soil in young RTS at lake I-minus 1, (d) tall shrubs in old 
(≥ 30 years old) RTS at NE-14.
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Figure 2.2 Study sites

Study sites (a,b) in the Toolik Field Station (TFS) watershed, North Slope Alaska (Maps: Toolik 
Field Station GIS & Remote Sensing). (c) Sample locations at lake NE-14 and (d) at lake I-minus- 
1 (Images: Google Earth). Sample locations indicate age of the retrogressive thaw slump (RTS) 
chronosequences at each lake, abbreviated as Y = young (1-10 years old), M = middle-aged (11
29 years old), O = old (≥ 30 years old) and C = undisturbed control outside of the RTS. (e) An 
example of a 50 m sampling transect used at all sample locations. (Photo credit for (e): Arctic 
System Science Thermokarst Project).
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Figure 2.3 RTS age and recruitment

RTS age effects on (a) mean in situ seedling counts m-2, (b) seedbank germination in greenhouse 
trials and (c) seedbank size (seeds m-2) in RTS grouped by site (sites: I-minus 1 and NE-14). RTS 
age abbreviations as in legend to Figure 2.2. White bars = all species, shaded bars = dwarf birch 
+ shrub willow. Lowercase letters show significant differences between groups in post-hoc tests 
(black letters = all species, grey letters = birch + willow). Error bars show standard error of the 
mean.
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Figure 2.4 Environmental conditions

Environmental conditions at two retrogressive thaw slump (RTS) chronosequence sites (sites: I- 
minus 1, NE-14): (a) Elevation difference between the highest and lowest elevation at each site, 
(b) soil temperature at 5 cm depth, (c) available soil ammonium, (d) available soil nitrate (c-d 
assayed with resin bags), (e) active layer depth, (f) percent soil moisture at 5 cm depth, (g) percent 
cover of vegetation, (h) seed rain counts, and (i) mean height and width of tallest shrub. Error bars 
show standard error of the mean. RTS age abbreviations as in legend to Figure 2.2. Circles = 
sample locations at lake I-minus 1, triangles = sample locations at lake NE-14. Percent cover: 
Birch = Betula nana, D. shrub = deciduous shrubs, E. shrub = evergreen shrubs, Forb = herbaceous 
forbs, Grass = Arctagrostis, Calamagrostis, and Poa spp., Pter = pteridophytes (Equisetum spp.), 
Lichen = live lichens, Moss = live mosses, Litter = litterfall, Sedge = Carex and Eriophorum spp. 
Willow = Salix spp., Unknown = not identified to species or functional type, Soil = bare mineral 
soil, Water = standing water.
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Figure 2.5 Regression relationships

Regression relationships between seedling or seedbank variables and explanatory variables (a) in 
situ seedling counts as a function of percent bare soil, (b) seedbank density as a function of percent 
bare soil, (c) in situ seedling counts as a function of soil temperature at 5 cm depth, (d) percent 
germination of seedbanks as a function of in situ soil temperature, (e) in situ seedling density as a 
function of greenhouse (percent) germination of soil seedbanks, and (f) in situ seedling density as 
a function of available nitrogen (NH4+ and NO3- pooled for analysis). Circles with unbroken trend 
line: sample locations at lake I-minus 1; triangles with dotted trend line: sample locations at NE- 
14. Insets show model parameters. Count data were square root transformed to meet assumptions 
of normal distribution.
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Figure 2.6 Canonical correspondence plots

Canonical correspondence ordination plots of RTS sites show relationships between species or 
plant functional type (lowercase letters) comprising seedlings or seedbanks and environmental 
variables including plant functional type cover (arrows labeled with uppercase type) for (a) in situ 
seedlings m-2 and (b) seedbanks (seeds m-2). Plot IDs (in grey) are expanded around centroids 
(triangles) for clarity. Arrow length indicates strength of environmental gradient. Proportional 
variability of weighted regression analysis explained by first two axes in n = 1000 permutations is 
significant in (a) (P < 0.01) and (b) (P < 0.001). Species of seedlings and seeds: b = Betula nana, 
d = unidentified dicots, f = forbs, e = evergreens, g = graminoids, o = other deciduous species, s = 
sedge, u = unidentified, w = shrub willow. ‘Heath' is pooled percent cover of lichens and evergreen 
shrubs, ‘Nitrogen' is pooled available NH4+ and NO3-. Plot numbers are preceded by RTS age 
category abbreviated as in Figure 2.2.
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Table 2.1 Sites

Retrogressive thaw slump (RTS) chronosequence sample areas at two sites near Toolik Lake, 
Alaska. Mean RTS age (± Standard Error) estimated from annual growth ring counts of shrub 
willow (Salix spp.) or dwarf birch (Betula nana) (n shrubs) or estimated from radiocarbon dating 
of moss macrofossils at the base of the organic soil layer (Pizano et al. 2014). MAT = moist acidic 
tussock tundra. Ages of sample areas in undisturbed controls were not determined (N/A). § = data 
from Pizano et al. 2014.

Site Transect Tundra type 
(Dominant plant 
species)

Mean (±SE)
RTS Age
(years)

RTS 
category

Aging method
n

NE-14 1 Tall shrub 
(Salix spp.)

4.5 (1.1) Young shrub ring counts 16

NE-14 2 Tall shrub 
(Salix spp.)

25.2 (1.3)§ Mid shrub ring counts 29§

NE-14 3 Tall shrub 
(Salix spp., 
Betula nana)

30 (1.7) Old shrub ring counts
33

NE-14 4 MAT 
(Eriophorum 
vaginatum)

N/A Control N/A
N/A

I-minus 1 1 Sedge-forb
(Carex spp., 
Epilobium spp.)

4.3 (0.6)§ Young shrub ring counts
10§

I-minus 1 2 Tall shrub 
(Salix spp., 
Betula nana)

22.2 (1.3) Mid shrub ring counts
27

I-minus 1 3 Shrub-sedge
(Salix glauca, 
Carex spp.)

380 (67.2)§ Old Δ14C ‰§
2§

I-minus 1 4 MAT 
(Eriophorum 
vaginatum)

N/A Control N/A
N/A
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Table 2.2 Two-way ANOVA

Results of 2-way analysis of variance of in situ seedlings m-2, percent germination of soil seedbanks, and seedbank size (seeds m-2) by RTS 
age category (factor levels: Y = Young, M = Middle-aged, O = Old, C = undisturbed control), site (factor levels: I-minus 1, NE-14) and RTS 
x site interaction. Ndf, numerator degrees of freedom; Ddf, denominator degrees of freedom. Values in bold indicate effects were significant 
(P < 0.05). Post-hoc tests (Tukey's HSD) performed where effects were significant at P < 0.05. NS is non-significant (P > 0.1).

†Data were square root transformed to achieve homogeneity of variance.

Variables RTS age Site RTS age x site
Ndf Ddf F P Post-hoc Ndf Ddf F P Post-hoc Ndf Ddf F P

Seedlings m-2t
All species 3 72 21.742 < 0.001 Y > O M C 1 72 11.755 < 0.01 I-minus 1 > NE-14 3 72 5.174 < 0.01

Birch + willow 3 72 3.062 0.034 Y > C 1 72 0.687 0.410 NS 3 72 2.135 0.103

Germination (%)
All species 3 22 2.892 0.057 NS 1 22 1.412 0.247 NS 3 22 2.690 0.071

Birch + willow 3 22 1.792 0.178 NS 1 22 0.732 0.401 NS 3 22 1.465 0.251
Seeds m-2t 

All species 3 22 3.508 0.032 C, O > Y 1 22 3.145 0.090 NS 3 22 4.789 0.010

Birch + willow+ 3 22 3.210 0.043 C, O > Y 1 22 2.412 0.135 NS 3 22 0.697 0.564

+Outliers were removed to achieve homogeneity of variance.



Table 2.3 One-way ANOVA

Results of one-way analysis of variance of in situ seedlings m-2, percent germination of soil 
seedbanks, and seedbank size (seeds m-2) by RTS age category (factor levels: Y = Young, M = 
Mid, O = Old, C = undisturbed control) for each site (sites: I-minus 1, NE-14). Ndf, numerator 
degrees of freedom; Ddf, denominator degrees of freedom. Values in bold indicate effects were 
significant (P < 0.05). Post-hoc tests (Tukey's HSD) performed where effects were significant at 
P < 0.05. NS is non-significant (P > 0.1).

Variables RTS age
Ndf Ddf F P Post-hoc

Site: I-minus 1
Seedlings m-2t

All species 3 36 12.849 < 0.001 Y > M O C
Birch + willow 3 36 0.501 0.684 NS

Germination (%)
All species 3 12 15.176 < 0.001 Y > O C; M > C
Birch + willow 3 12 0.268 0.847 NS

Seeds m-2t
All species+ 3 12 1.208 0.349 NS
Birch + willow+ 3 12 1.017 0.419 NS

Site: NE-14
Seedlings m-2†

All species 3 36 17.059 < 0.001 Y > M O C
Birch + willow+ 3 36 4.576 < 0.01 Y > O C

Germination (%)
All species 3 10 0.410 0.750 NS
Birch + willow+ 3 10 2.147 0.158 NS

Seeds m-2t
All species 3 10 6.170 0.012 C, O > Y
Birch + willow+ 3 10 5.699 0.015 C, O > Y

†Data were square root transformed to achieve homogeneity of variance.

+Outliers were removed to achieve homogeneity of variance.
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Table 2.4 Relative variable importance at I-minus 1
Modeled Akaike's information criterion (AIC) average parameter estimates (b) and relative 
variable importance expressed as cumulative parameter weights (0 ≤ ∑wi ≤ 1) for variables 
explaining differences in in situ seedling counts m-2, seedbank % germination, and seedbank size 
(seeds m-2) at I-minus 1.

Site: 1-minus 1

Species Explanatory variables Response variables

In situ 
seedlings m-2

Germination
(%)

Seeds m-2

!" ∑Wi !" ∑Wi !" ∑wi

All species Shrub cover -0.06 0.93 -0.01 0.89 - 0.39
Bare soil 0.06 0.92 - 0.16 - 0.13
Graminoid cover -0.07 0.86 -0.01 0.92 - 0.12
Soil moisture 0.01 0.57 - 0.07 - 0.11
NH4+ - 0.51 - - - -
Nonvascular plant cover - 0.43 - 0.09 - 0.18
Litter - 0.26 - 0.10 - 0.12
Pteridophytes - 0.25 0.02 0.56 - 0.23
NO3- - 0.20 - 0.08 - 0.20
Seed rain - 0.18 - 0.07 - 0.43

Forb cover - 0.18 - 0.11 - 0.13
Birch + willow Bare soil - 0.44 - 0.14 - 0.13

Nonvascular plant cover - 0.38 - 0.26 - 0.20
Pteridophytes - 0.38 - 0.17 - 0.11
NH4+ - 0.34 - - - -
NO3- - 0.33 - 0.16 - 0.16
Soil moisture - 0.32 - 0.12 - 0.14
Litter - 0.32 - 0.12 - 0.23
Graminoid cover - 0.27 - 0.20 - 0.12

Shrub cover - 0.23 - 0.20 - 0.16
Forb cover - 0.21 - 0.22 - 0.43
Seed rain - 0.20 - 0.13 - 0.26
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Table 2.5 Relative variable importance at NE-14

Modeled Akaike's information criterion (AIC) average parameter estimates (b) and relative 
variable importance expressed as cumulative parameter weights (0 ≤ ∑wi ≤ 1) for variables 
explaining differences in in situ seedling counts m-2, seedbank % germination, and seedbank size 
(seeds m-2) at NE-14.

Site: NE-14
Species Explanatory variables Response variables

In situ
seedlings m-2

Germination
(%)

Seeds m-2

!" ∑wi ! ∑Wi ! ∑ωi

All species Bare soil 0.03 0.99 - 0.08 -0.63 0.79
Soil temperature - 0.21 - 0.08 - 0.09
Shrub cover - 0.21 - - - -
Graminoid cover - 0.34 - 0.18 - 0.09
Soil moisture - 0.26 - 0.35 - 0.18
Nonvascular plant cover - 0.21 - 0.14 - 0.24
NH4+ - 0.24 - 0.11 - 0.27
Litter - 0.34 - 0.10 - 0.09
Seed rain - 0.22 - 0.50 - 0.08
Pteridophytes - 0.22 - 0.22 - 0.17

Forb cover - 0.20 - 0.09 - 0.11
NO3- - 0.26 - 0.27 - 0.10

Birch + willow Bare soil 0.01 0.71 - 0.53 -0.42 0.70
Litter - 0.37 - 0.21 - 0.07
Shrub cover - 0.36 - - - -
NO3- - 0.35 - 0.08 - 0.25

Soil moisture - 0.24 -0.004 0.71 -0.98 0.56

Forb cover - 0.23 - 0.09 - 0.08
Nonvascular plant cover - 0.22 - 0.08 - 0.08
Pteridophytes - 0.22 - 0.12 - 0.30

Seed rain - 0.22 - 0.23 - 0.08

Soil temperature - 0.21 - 0.18 - 0.09
NH4+ - 0.20 - 0.07 - 0.08

Graminoid cover - 0.20 - 0.13 - 0.10
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Chapter 3 Recruitment dynamics and population structure of willows in tundra disturbed by 
retrogressive thaw slump thermokarst on Alaska's North Slope2

2 Huebner, D.C., Douhovnikoff, V., Wolf, D.E. and Bret-Harte, M.S. (2019). Recruitment dynamics and population 
structure of willows in tundra disturbed by retrogressive thaw slump thermokarst on Alaska's North Slope. 
Perspectives in Plant Ecology, Evolution and Systematics, 41, 12594, httpps://doi.org/10.1016/j.ppees.2019.12594

Abstract

Retrogressive thaw slumps (RTS) are large (> 1 ha) depressions of exposed mineral soil on 

hillslopes caused by the thaw and displacement of ice-rich permafrost soils in high-latitude 

regions; since the 1980s the number of RTS observed on Alaska's North Slope has increased by 

two-thirds. Some RTS in the Toolik Lake area are filled with tall (≥ 0.5 m) willow thickets, 

likely within decades after disturbance. Tall shrub thickets are different in structure and function 

from mixed dwarf tundra communities and may have different long-term impacts on ecosystems 

and wildlife. Currently it is unknown to what degree seedlings versus clonal recruitment 

contribute to shrub thickets. We assessed size and distribution of clones (modular stems of 

individuals) using eight microsatellite (SSR) markers to genotype leaf tissue of 223 willow 

ramets (stems) at two sites: an RTS aged 11-30 years since disturbance, and nearby undisturbed 

moist acidic tussock (MAT) tundra. Genotypes of known clones from excavated ramets were 

used to determine the mutation rate of clones. Spatial arrangement of ramets within clones was 

assessed in 18 x 18 m sampling grids nested at 2 m (“far clones”), 1 m (intermediate), and 0.25 

m (“near clones”) between ramets. We identified 121 genotypes including 10 clonal genotypes in 

the RTS, and 63 genotypes including 11 clonal genotypes in the undisturbed MAT. Percent 

distinguishable was greater than 76% at both sites. Mean spatial distance between clonal ramets 

was not different at either site but among far clones, ramets were separated 7 - 16 m downslope 

in the RTS. Salix pulchra was the dominant willow at both sites; a third of willow genotypes in 

the RTS were identified as S. glauca, a disturbance colonizer. Rarer and hybrid species 

comprised 4-20% of all genotypes but were more abundant in the RTS. At both sites, within- 

species expected heterozygosity (HT) ranged from 0.49 - 0.85. Our results suggest: 1) sexual 

recruitment and low clonal expansion likely explain genetic diversity of willows in disturbed and 

late-successional sites; and 2) downslope separation of far clones in the RTS suggests 

disturbance effects; and 3) species richness was higher in the disturbed site.
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3.1 Introduction

Increased biomass and abundance of woody shrubs over the past century has been 

documented across the Arctic (Sturm et al. 2001, 2005; Myers-Smith et al., 2011). Concurrent 

with the observed increase in shrub expansion, degradation of ice-rich permafrost soils leading to 

soil subsidence (thermokarst) has been documented with increasing frequency in Northern 
Alaska (Jorgenson et al., 2006; Schuur et al., 2007; Bowden et al., 2008; Gooseff et al., 2009; 

Abbott and Jones, 2015). Disturbance, including thermokarst, may be important for some 

deciduous shrub species, such as dwarf birch (Betula nana) and willow (Salix spp.), because they 

may rely more on seedling recruitment than on storing seed in soil seedbanks to preserve genetic 

diversity (Huebner and Bret-Harte, 2019). Currently it is not well known to what extent 

disturbance affects the genetic structure of plant communities dominated by clonal plants, and 

particularly, how deciduous shrubs may respond in disturbed tundra versus late-successional 

tundra. Our study investigated sexual and clonal recruitment of arctic willows at two tundra sites 

on Alaska's North Slope: one disturbed and the other characterized by late-successional 

vegetation.

Arctic plants have generally been considered clonal due to limited opportunities for seedling 

recruitment (Billings, 1987; Hermanutz et al., 1989) but subsequent studies suggest that arctic 

willow populations may have sufficiently high levels of genetic diversity through frequent 

seedling recruitment to help them withstand rapid change brought on by climate warming 

(Steltzer et al., 2008; Douhovnikoff et al., 2010). In permafrost regions, thermokarst forms 

heterogeneous landscapes (Schuur et al., 2007; Becker et al., 2016) including microsites suitable 

for germination and establishment. Microsite conditions in disturbed tundra such as bare soil, 

increased light and nutrients, and sheltered depressions, have been correlated with increased 

seedling recruitment of many arctic species (Gough, 2006; Graae et al., 2011; Frost et al., 2013). 

Increased seedling recruitment in thaw-eroded ground is likely to lead to novel genotypes that 

could help some populations adapt to rapid change (Petit, 2004) and may especially benefit 

species that produce short-lived seeds, including willows.

Many willow species also form rooted branches through a process known as layering, as 

stems become buried in mud or peat or come in contact with moisture (Densmore and Zasada, 

1978; Krasny et al., 1988; Jeník, 1994; Collet, 2004) and are thus considered facultatively clonal 
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(Stamati et al., 2007; Douhovnikoff et al., 2010). Studies of arctic plants in disturbed 

environments should also include a greater understanding of clonal reproduction, as the clonal 

strategy is likely to affect the success of species and populations coping with rapid change.

The number of retrogressive thaw slump thermokarst (RTS) features observed on Alaska's 

North Slope is concurrent with climate warming in the Arctic and represents an increase of about 

two-thirds since the 1980's (Bowden et al., 2008). RTS are often large (> 1 ha; Lantz et al., 

2009) depressions of bare soil on hill slopes caused by permafrost thaw and mass soil wasting. 

Over time, several RTS in this area have become colonized by tall (≥ 0.5 m) deciduous shrubs, 

primarily willows and dwarf birch (Pizano et al., 2014; Huebner and Bret-Harte, 2019). These 

shrub thickets are much taller and more homogeneous in plant functional type than undisturbed 

tundra and likely represent a strong vegetation response to RTS disturbance. The goal of this 

study is to quantify the relative contribution of sexual and clonal recruitment in the formation of 

shrub thickets in RTS relative to the surrounding landscape.

Trade-offs between sexual and clonal growth have been observed in vascular plant species 

in heterogeneous environments (Hutchings and Wijesinghe, 2008; Macek and Leps, 2008; Li et 

al., 2018). Clonal expansion may be more likely where conditions are favorable to plant growth 

(Liu et al., 2009; Schulze et al., 2012) or persistence (Callaghan and Emanuelsson, 1985), and 

less likely where disturbance frequency and severity limits re-sprouting in favor of seedlings 

(Klimesova and Klimes, 2003). It is also possible that conditions in RTS favoring increased 

seedling recruitment could favor increased clonal growth, which could benefit clonal species and 

populations, especially if it increases their likelihood of becoming dominant (Dormann and 

Brooker, 2002). In the Toolik Lake area, deciduous shrubs have shown a strong growth response 

to nutrients by increasing their biomass and becoming the dominant vegetation in fertilized plots 

of moist acidic tussock (MAT) tundra (Shaver et al., 2001; Bret-Harte et al., 2004). Similarly, 

increased clonal expansion following RTS could particularly benefit fast-growing woody species 

like dwarf birch and willows, leading to changes in MAT communities that may have long-term 

effects on ecosystem services and plant-animal interactions (Becker et al., 2016; Tape et al., 

2010, 2018).

We used genetic markers to compare the genotypic structure of willows in a given area of 

disturbed and undisturbed tundra to test the hypothesis that willow recruitment will be higher in 
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RTS microsites, which are more heterogeneous and often feature more open space, light, and 

available nutrients than undisturbed MAT. If so, we can expect: (1) More willow genotypes and 

higher levels of genetic diversity in a given area of RTS than MAT (greater sexual recruitment); 

alternatively, better conditions in RTS will result in greater asexual (clonal) recruitment: fewer 

genotypes and lower genetic diversity than in MAT; (2) Willow clones will be larger, expanding 

through more area than in MAT; alternatively, clones in RTS will be more irregularly spaced in 

RTS than in MAT due to resource patchiness or physical disturbance of clonal bud banks; (3) 

Willow species richness and abundance will be higher in RTS than in MAT.

3.2 Material and methods

3.2.1 Study Site
This study was performed near Toolik Field Station (68° 37' 39” N, 149° 35' 51” W), on 

Alaska's North Slope (Figure 3.1). The climate is typical of the Low Arctic, with cold 

temperatures (-10 °C year-1) and low precipitation (300 mm year-1), half of which falls as snow 

(Huebner and Bret-Harte, 2019). Sampling was done at two sample areas near Lake I-minus 1 

(Pizano et al., 2014): an area of moist acidic tussock tundra (MAT) likely undisturbed for > 300 

years, based on radiocarbon dates of peat (Pizano et al., 2014) and an RTS estimated from shrub 

ring counts to be 11 - 30 years since disturbance (Huebner and Bret-Harte, 2019). This is likely a 

minimum estimate; aerial photos from 1949 show a developed RTS headwall around the south 

shore of the lake (U.S. Geological Survey, 2019), although a previous study of vegetation and 

soils indicates the site comprises a chronosequence of older and more recent RTS activity 
(Pizano et al., 2014). The RTS is located on the south shore of the lake (68° 33' 11.57" N, 149° 

34' 16.64" W, elevation: 817 m, slope: 3, aspect: north) and is characterized by tall (≥ 0.5 m) 

willow thickets (Figure 3.1); the MAT sample area occurs on a level plain above the lake (68° 
33' 11.11" N, 149° 33' 34.92" W, elevation: 838.5 m, slope: unknown, aspect: north) (Bowden et 

al., 2008) (Figure 3.1). The two sample areas represent a subsample of > 2,000 leaves collected 

from eight sample areas at two RTS chronosequence sites (Huebner and Bret-Harte, 2019). We 

chose the I-minus 1 site because willow species distributions in the area were similar and 

because the undisturbed control location was representative of MAT communities. Because 

willow species composition was different at the other chronosequence site, including the 
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undisturbed control location, we could not make direct comparisons across sites and thus 

replication of disturbance categories was precluded.

MAT is the most widespread tundra type in the area (Bliss and Matveyeva, 1992) and is 

characterized by tussock-forming sedge Eriophorum vaginatum (cottongrass) as well as non

tussock forming sedges in the genus Carex, and a heterogeneous mix of plant functional types 

including herbaceous forbs, evergreen shrubs, and dwarf deciduous shrubs, mostly Betula nana, 

and roughly 10% Salix, of which S. pulchra, an erect layering species, is the most common 

(Huebner and Bret-Harte, 2019). Soils are thin and peat-rich and underlain by continuous 

permafrost (> 200 m depth) with a shallow active layer that thaws to < 0.5 m sub-surface depth 

in summer (Romanovsky et al., 2002). Compared to MAT, more than half of the plant cover in 

the RTS sample area was composed of erect willows, mostly S. pulchra and S. glauca, with < 

5% of S. hastata, S. lanata, S. alaxensis and others, and < 2% of the prostrate species S. arctica, 

S. reticulata and S. chamissonis. Less than 25% of cover in the RTS was composed of other 

species including B. nana, horsetails (Equisetum arvense), forbs, graminoids, and mosses, with 

the remainder comprising < 10% of litter and bare soil (Huebner and Bret-Harte, 2019).

3.2.2 Sampling design

In July of 2014 and 2015, we collected fresh fully-expanded leaves from a total of 226 

willow ramets (stems) focusing our study on dominant erect species, mainly S. pulchra and S. 

glauca. To quantify the frequency of genotyping errors, we randomly selected 10 willows as 

known clonal controls, determined by partially excavating the shrubs to confirm ramets were 

produced by the same individual (Douhovnikoff and Dodd, 2003). Samples consisted of 127 

individual ramets plus 17 ramets of six known clones (2 - 5 ramets per known clone) from the 

RTS, and 71 individual ramets plus 11 ramets of four known clones from the MAT. Samples 

were taken within one 18 x 18 m nested sampling grid at each sample location. Grids were 

composed of pin flags nested at broad- to fine-scale distances: 2 m (broad, to identify “far 

clones”), 1 m (intermediate), and 0.25 m (fine, to identify “near clones”) (Figure 3.2). 18 x 18 m 

grids were placed along one side of our original cover transects along hillslopes (Huebner and 

Bret-Harte, 2019). Replicate 1 x 1 m fine-scale grids subdivided into 0.25 m increments were 

placed inside the larger sample area using a random numbers generator (3 fine-scale grids inside 

45



the MAT area and 4 grids in the RTS). This nested design refines the clone size sampling scheme 

of Douhovnikoff et al. (2010) by capturing a range of distances between ramets from 2 m to 0.25 

m. Where a ramet touched a flag, 2 - 5 leaves per ramet were collected, identified to species 

using dichotomous keys (Hulten, 1968; Viereck and Little, 1972), and air-dried for processing.

3.2.3 DNA extraction and amplification

Genomic DNA was extracted from 0.2 g leaf fragments using a modified CTAB method of 

Doyle and Doyle (1987) (Cortes-Palomec and McCauley, 2009). Extracted DNA was quantified 

on an Epoch Microplate spectrophotometer (BioTek Instruments, Inc.) to assess quantity and 

quality (ng/ul). Eight microsatellite (SSR) primer pairs were selected out of twelve markers 

tested to amplify DNA fragments using methods modified from Stamati et al. (2003, 2007) and 

Lauron-Moreau et al. (2013) (Table 3.1). PCR amplicons were screened on 2% agarose gels via 

gel electrophoresis for the presence of bands (Aaij and Borst, 1972). The markers were chosen 

because they consistently amplified for the majority of our samples.

A protocol modified from Schuelke (2000) was used to amplify microsatellite regions in 

such a way that only 4 fluorescently-labeled primers were needed, with one for each dye color. 

This method uses a specific forward primer with a M13 tail at its 5' end, a specific reverse 
primer, and a fluorescently-labeled M13 primer (5'-AGGGTTTTCCCAGTCACGACGTT-3'). 

PCR reactions were carried out using the KAPA 3G Plant PCR Kit (Kapa Biosystems, Inc.) in 10 

μL total volume reactions, each containing approximately 50 ng of template DNA, 5.0 uL Kapa 

3G Plant PCR buffer (2x, containing MgCl2 and dNTPs), 0.10 μM each of forward and reverse 

primers, 0.10 μM of fluorescent-labeled M13 primer (Integrated DNA Technologies), and 2.5 

U∕μL KAPA 3G Plant DNA Polymerase (Kapa Biosystems, Inc.). A Bio-Rad PTC 240 thermal 

cycler (Bio-Rad Laboratories, Inc.) was used to amplify DNA fragments under the following 

conditions for all primers: initial denaturation at 95 °C for 3 min followed by 35 cycles of 20 s at 

95 °C; 15 s at 54 °C, 30 s at 72 °C followed by a final extension at 72 °C for 5 min. Amplified 

fragments were visualized on agarose gel (2%). Fragment sizes were quantified on an ABI 

3730XL Genetic Analyzer (Applied Biosystems) in 10 uL of formamide and 0.5 uL of GeneScan 

600 LIZ dye size standard (Applied Biosystems).
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3.2.4 Genetic analysis

Alleles were called using a combination of Peak Studio (McCafferty et al., 2012); the R 

package MsatAllele (Alberto, 2009) (R Core Team, 2019); and STRand (Toonen and Hughes, 

2001). Three individuals produced no data for ≥ 5 loci and were omitted from analysis, on the 

assumption that DNA was of low quality. Because hybridization among different species is 

common in Salix (Argus, 1997), the willows we studied were likely polyploid, and to some 

extent allopolyploid, however, the majority of samples produced 1-2 peaks in capillary analysis. 

Amplification of alleles from a single parent species is known to occur in allopolyploid willows 

(King et al., 2010), thus we analyzed our samples as though they were diploids (single peaks 

were scored as homozygous for that locus). 3% of samples produced more than two peaks, but 

because these individuals also produced peaks common to the majority of samples, extra peaks 

were excluded from analysis.

Genotypes were further analyzed as follows: (1) a ramet-based model, in which all known 

clonal ramets (repeat genotypes) were included (Douhovnikoff and Leventhal, 2016) to 

determine number and spatial arrangement of clones and clonal diversity within each population 
using GENODIVE 2.0b23 (Meirmans and Van Tienderen, 2004); and (2) a genet-based model, 

in which clonal genotypes were represented only once (Douhovnikoff and Leventhal, 2016), 

used in GENODIVE to compare clonality estimates obtained in (1), and to assign each ramet to a 

species and determine levels of admixture using STRUCTURE 2.3.4 (Pritchard et al., 2000), as 

species identification based on morphology is notoriously difficult in willows.

In this study, we defined a clone as two or more ramets sharing an identical multilocus 

genotype, and clonality as the number or proportion of genotypes shared between ramets. Tests 

of clonality were conducted using GENODIVE's Assign Clones algorithm, which makes 

pairwise comparisons across increasing thresholds of clonality (allelic differences allowed 

between ramets assigned to the same clone) from 0 (no differences allowed) until all ramets are 

assigned to the same clone. We used the stepwise mutation option appropriate for SSRs 

(Meirmans and Van Tienderen, 2004). In order to determine an appropriate threshold of 

clonality, we first examined the distribution of the number of ramet pairs assigned to the same 

clone under increasing threshold of clonality. For both RTS and MAT the first peak in the 

distribution is at 0 (Figure S3.1). According to Meirmans and Van Tienderen (2004), the first 
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peak is likely to represent distances between ramets of the same clone, whereas later peaks 

represent distances between ramets that are not clones of each other. We then compared clonal 

assignments at threshold values of 0 and 1 because they are similar to the 0.983 threshold value 

calculated for willows by Douhovnikoff and Dodd (2003). Although our known-clone controls 

showed no evidence of somatic mutations at either site, we chose the 1 threshold value for final 

analysis to correct for possible scoring errors or somatic mutations in some samples (Arnaud- 

Haond et al., 2007). We repeated the analysis using the genet-based approach (each clonal 

control genotype was represented once) and found the clonal assignments did not change. For 

comparisons between sites the Clonal Diversity algorithm in GENODIVE was used with 

bootstrapping to detect significance at P < 0.05 in 999 permutations, with the “subsampling to 

match population size” option used, and Nei's (1987) Gst diversity values corrected for sample 

size. With clonal reproduction, clonal diversity will be reduced compared to sexual reproduction. 

GENODIVE tests the null hypothesis that all reproduction is sexual, by comparing observed 

genotype frequencies to those expected under random mating (Meirmans and Van Tienderen, 

2004). Nei's (1987) diversity index (expected heterozygosity) measures the amount of genetic 

variation based on allele frequencies, with values between 1 (high diversity) to 0 (no diversity). 

For spatial relationships of clonal ramets in sampling grids, the Assign Clones algorithm in 

GENODIVE was used for each site using the same methods as above (Meirmans and Van 
Tienderen, 2004).

Species assignment and determinations of species admixture were carried out using the 

admixture model in STRUCTURE 2.3.4 (Pritchard et al., 2000). The dataset was reduced to 

represent only sexually produced genotypes thus each clone was included once. Because there is 

no information in the literature specifying otherwise, all loci were assumed to be unlinked 

(Stamati et al., 2003, 2007; Lauron-Moreau et al., 2013). Allele frequencies were not assumed to 

be correlated. PCR reactions with no peaks were assumed to be homozygous for null alleles, 

since we repeated the PCR reactions twice. Morphological species assignments were used as 

prior information to assist in clustering, as is suggested for weakly informative 

datasets. Different clusters (K) were allowed to have different alpha values (POPALPHAS=1), 

allowing for asymmetric admixture, following recommendations by Wang (2017). The burn-in 

for the Markov Chain was set to 100,000 steps, and we collected data from 100,000 subsequent 
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steps. To identify the K with the highest probability of explaining the data, we compared the 

mean likelihood of models with K = 1 - 10, repeated 5 times each. The best value of K was 

chosen as the smallest value of K where the mean log likelihood of the model plateaued, as 

suggested by the STRUCTURE manual and Wang (2017) (Figure S3.2). Individuals with ≥ 

30% membership in more than one cluster were designated as hybrids. Species composition 

maps at each site were created from STRUCTURE results using PhyloGeoViz (Tsai, 2011) and 
DISTRUCT (Rosenberg, 2004).

To quantify species diversity at each site we used two standard ecological indices for each 

population: the Shannon Diversity Index and Simpson's Index (Magurran 1988). The Shannon 

Diversity Index (H) is expressed as the proportion of each species multiplied by the natural 

logarithm of each proportion (H'= - pi Σ ln pi) with higher values indicating greater species 

richness and evenness. Simpson's Index (D) is expressed as the probability that any two 

individuals drawn from a community belong to the same species (D = Σ ln p2i) with higher 

values indicating fewer, more dominant species (Magurran, 1988).

Statistical significance of mean spatial distance between ramets within clones at each site 

was determined using the Welch Two Sample t-test of unequal variance. We chose this test due 

to the difference in the number of clonal ramets at each site. To avoid bias, clonal controls were 

excluded from spatial distance estimates because their ramets were sampled non-systematically.

3.3 Results

Clonal assignments in the RTS stayed the same at the 0 and 1 threshold, but in MAT 

assignments increased from 7 clonal groups at the 0 threshold to 11 groups at the 1 threshold 

(Figure S3.1). Known-clone controls did not change and are excluded from these counts. We 

identified 121 genotypes in the RTS including 10 clones, versus 63 genotypes in MAT including 

11 clones. Percent distinguishable (PD), the number of genotypes over the total number of 

samples, was ostensibly higher in the RTS than MAT, likely due to 23 more alleles found in RTS 

willows compared to MAT (Table 3.2), but PD was greater than 76% at both sites and not 

statistically different (Two Sample z-test Comparing Two Proportions: "-squared = 0.231, df = 

1, P = 0.128; Table 3.2). Clonal genetic diversity at the two locations was similar and not 

different from levels of genetic diversity due to random mating (bootstrapped confidence 
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intervals P = 0.570; Table 3.2). There was no statistical difference between sites in the total 

number of ramets assigned to clones or in the number of clonal groups (Welch Two Sample t-test 
of the number of clonal groups: t = -0.7361, df = 18.998, P = 0.722; Table 3.2). Within spatial 

categories, the MAT had more near clones than the RTS, but other categories were similar 

(Figure 3.3). Likewise, mean spatial distance between ramets within clones was not different 

between sites: 4.5 (± 1.9 SEM) and 1.8 (± 0.7 SEM) m for RTS and MAT, respectively (Welch 
Two Sample t-test: t = -1.10, df = 16.265, P = 0.289). The larger standard of error around the 

mean spatial distance was likely due to greater spatial variation between ramets within clones in 

the RTS: 0.5 - 16 m (Figure 3.4) versus 0.5 - 9 m in MAT (Figure 3.5). Ramets within far clones 

were separated 7 - 16 m downslope in the RTS (Figure 3.4); in the MAT, ramets within far 

clones were separated 2.5 - 9 m apart at same elevation on comparatively level ground (Figure 

3.5).

STRUCTURE analysis of microsatellite results suggests the dataset is best explained by 2 to 

5 species (K clusters). Evanno et al's (2005) method to estimate the number of clusters suggests 

K = 2, as this shows the greatest change in the log likelihood of the models, however, K = 5 has 

the maximum likelihood overall (Figure S3.2). Although species assignments were somewhat 

less reliable for the rare clusters identified when K = 5, morphology strongly suggests that there 

were ~ 5 willow species present in our sample. Salix pulchra was the most common willow 

species in the area, consisting of 51% and 84% of genotypes at the RTS and MAT, respectively 

(Figure 3.6). Salix glauca was the next most common species, comprising 28% at the RTS, but 

only 6% at the MAT (Figure 3.6). Species composition of clones, including clonal controls, 

reflected overall species composition. In RTS, half the ramets were identified as S. pulchra and 

40% as S. glauca or S. glauca hybrids; by contrast, all clonal ramets in MAT were identifed as S. 

pulchra. Species assignment by STRUCTURE for S. pulchra and S. glauca was generally 

consistent with morphological species assignment. Three other clusters, which we designate as 

Salix spp. 3 - 5, are likely S. hastata, S. lanata L. subsp. richardsonii (Hook.), or others, based on 

hirsuteness of twigs and other morphological characters. Less common species and hybrids 

comprised 4 - 20% of all genotypes across sites but were more abundant in the RTS (Figure 3.6; 

Table 3.3). However, there is not a strong correspondence between STRUCTURE assignments 

and morphological species assignments for these clusters.
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Expected heterozygosity of individuals in each cluster (HT) ranged from 0.49 for common 

species to 0.85 for less common species (Table 3.3). The Shannon Diversity Index estimate of 

species diversity in the RTS was roughly twice that of MAT, while Simpson's Index showed the 

opposite trend, indicating fewer, more dominant species in MAT (Table 3.3). These results are 

corroborated by the area distributions of less common and hybrid genotypes at the two sites 
(Figure S3.3).

3.4 Discussion

Prediction (1): If RTS microsites are more productive and heterogeneous than in 

undisturbed MAT, we can expect to find more willow genotypes and higher levels of genetic 

diversity in a given area of RTS than MAT (greater sexual recruitment); alternatively, better 

conditions in RTS will result in greater asexual (clonal) recruitment: fewer genotypes and lower 

genetic diversity than in MAT.

Response of clonal plants to disturbance is expected to vary depending upon the species, 

disturbance type, and severity (Klimesova and Klimes, 2003; Bret-Harte et al., 2013). The high 

percent distinguishability and low clonality we found at both sample locations agrees with other 

studies of genetic diversity of willow populations in the Arctic and other regions (Steltzer et al., 
2008; Alsos et al., 2009; Stamati et al., 2007; Douhovnikoff et al., 2010; Sochor et al., 2013) and 

suggests that clonal spread of willows in this area is somewhat limited. In our previous study, 

we found greater seedling recruitment in the field and in greenhouse germination trials of RTS 

seedbanks from this site (Huebner and Bret-Harte, 2019), suggesting that sexual recruitment 

plays an important role in the revegetation of RTS-disturbed tundra. Our genotyping results 

further suggests that recruitment also has long-lasting effects on the genetic diversity of willow 

populations in late-successional tundra.

Many Alaskan willow species in high-stress environments exhibit a creeping habit (Viereck 

and Little, 1972). We expected that as seedling recruitment decreases over time under limiting 

conditions in MAT, we would see more clonal willow ramets in undisturbed MAT relative to 

RTS, but we found no evidence of a shift from primarily sexual to primarily asexual strategies at 

either site. The number of clones and levels of genetic diversity were relatively similar in both 

RTS and MAT, suggesting both populations are sexually derived. Our previous study of the area 
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found greater seedling recruitment of RTS seedbanks with no difference in seed rain between 

disturbed and undisturbed tundra (Huebner and Bret-Harte, 2019). We propose that if seed 

dispersal is more or less equal, sexual recruitment may have declined at undisturbed MAT due to 

a decrease in available space, light and nutrients. Genetic diversity is more likely to decrease 

over time because of clonal spread and decreased opportunities to replace genotypes that die off. 

Thus, we expected to see more clonal growth and fewer genotypes in the MAT.

Alternatively, we considered the possibility that conditions in RTS 2-3 decades after 

disturbance might promote greater clonal expansion of willows than the more limiting conditions 

of undisturbed MAT, but we found no difference in overall clonality in a given area of RTS 

versus MAT. These results are initially somewhat surprising, given that greater allocation to 

clonal growth rather than to sexual organs has been demonstrated in some clonal species when 

nutrient levels are adequate (Liu et al., 2009). In our previous study of I-minus 1 we found that 

compared to undisturbed MAT, available soil N was up to six times higher in the RTS used in 

this study, and shrubs were twice as tall and nearly four times as wide (Huebner and Bret-Harte, 

2019). How could two seemingly different physical environments have resulted in such similar 

genetic outcomes? If clonality is a response to conditions that reduce seedling recruitment, our 

results show, on one hand, that willows in RTS can be at least as clonal as those in mature MAT, 

and 2 or 3 decades since disturbance might be enough time for arctic willows to transition from 

sexual to clonal reproduction as microsite conditions change. On the other hand, current 

conditions under climate warming may lead to tundra disturbance that favors sexual recruitment 

over clonal growth. The similarities we found at the MAT site could be the result of a different 

type of recruitment scenario characterized by continuous dieback of clonal ramets during 

extreme historical conditions at a time when sexual recruitment was likely more sporadic and 

clonal growth was the more common strategy.

In comparison to prostrate willows, erect species may be somewhat less efficient at forming 

clonal ramets because branches may require sufficient burial to stimulate rooting. If burial is an 

important stimulus to clonal growth of erect willows, however, we would expect to find many 

more clones than we did, especially in the RTS. Viereck (1966) states that MAT develops once 

deep moss layers accumulate, allowing lateral expansion of shrubs such as dwarf birch and 

blueberry, but not willows, which are early-successional species of disturbed ground. This is 
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supported by Argus (2006) who states that riparian willows have brittle stems that are easily 

dispersed by seasonal flooding and beaver activity, whereas layering species are known to form 

distinctive clonal patches because opportunities for layering may be more limited. Our results 

agree with this in part, in that most ramets within clones at our sites were spaced at relatively 

short distances of 1 m or nearer, suggesting processes that stimulate layering in tundra 

environments may be more spatially and temporally variable than in seasonally-disturbed habitat.

Prediction (2): If RTS microsites are more productive and heterogeneous than in 

undisturbed MAT, willow clones will be larger, expanding through more area than in MAT; 

alternatively, clones in RTS will be more irregularly spaced in RTS than in MAT due to resource 

patchiness or physical disturbance of clonal bud banks.

Although it is likely that the greater vertical and lateral growth of RTS shrubs in our 

previous study can be attributed in part to adequate nutrient supply and other microsite 

conditions, such as shelter from wind provided by RTS depressions (Huebner and Bret-Harte, 

2019), we did not find that greater shrub growth in RTS resulted in larger clone sizes or more 

clones in a given area of RTS. We did find a greater range in spatial separation across ramet 

categories in the RTS, and among far clones, we found a somewhat unusual physical separation 

between ramets within clones that occurred on a slope gradient in the RTS but not in the MAT. 

This latter result suggests that physical disturbance was responsible for the separation of these 

ramets in the RTS.

Accurate estimation of clone size involves many parameters, including the appropriate 

sampling distance between ramets, the number of genetic markers to use, and the level of 

sampling replication. Previous studies of arctic and alpine willows using roughly the same 

number of microsatellite markers (3 to 4) produced different assessments of clonality that 

appeared to be based largely on the chosen spatial scale. With minimum sampling distances ≥ 2 

m between ramets, more singleton genotypes were found (Douhovnikoff et al., 2010); whereas 

more clonal genotypes were found sampling 0.25 m between ramets (Reisch et al., 2007). Using 

a subset of three microsatellite markers used in this study, Reisch et al. (2007) found a PD of 

18%, suggesting the population was composed mainly of clones. By sampling within a single 3 x 

3 m plot it is unknown whether clonality was accurately estimated or overestimated. By 

comparison, ramets sampled at our sites at 0.25 m distances were replicated 3 to 4 times each in 
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1 x 1 m plots (although we did not replicate our 18 x 18 m plots), and our PD values, using eight 

markers, ranged from 25 to 100%. As with optimization of spatial distance to account for clones 

versus singletons, the number of genetic markers also appears to be critical. The eight markers 

we chose consistently performed well for the majority of our samples, including known clonal 

control ramets in repeated tests. The low levels of clonality and high levels of genetic diversity 

we found in this study, using a threshold of clonality calculated from known genotypes of true 

clones and siblings (Douhovnikoff and Dodd, 2003), suggest that these willow genotypes mainly 

originated from seedling recruitment.

It was surprising that ramets within far clones were separated downslope in the RTS and 

along relatively level ground at the same elevation in the MAT. Previous research has found 

disturbance may alter the spatial arrangement and species composition of vegetative propagules, 

or bud banks, of clonal plants, leading to plant community changes in some areas (Du et al., 

2013) but not in others (VanderWeide and Hartnett, 2015). Other research suggests the effect of 

disturbance to limit the ability of clonal propagules to re-sprout may be overestimated 

(Klimesova and Klimes, 2003). In our previous study of RTS-disturbed tundra we did not 

account for the role of non-sexual propagules, but here we find evidence, in support of other 

research (Du et al., 2013), of disturbance effects upon the existing bud bank. Given the 

destructive nature of RTS, we believe that mass soil wasting likely caused the downslope 

translocation of viable clonal fragments, which we inferred because we ran our sampling grids 

along the same slopes as our original cover transects (Huebner and Bret-Harte, 2019), resulting 

in downslope separation of identical genotypes in the RTS but not in the MAT. The fact that all 

of the far ramets within clones in the RTS were located downslope appears to support downslope 

translocation, which may be a unique feature of RTS to alter the spatial arrangement of clones 

and redistribute extant genotypes across the landscape.

Prediction (3): If RTS microsites are more productive and heterogeneous than in 

undisturbed MAT, willow species richness and abundance will be higher in RTS than in MAT.

Without the ability to replicate willow population structure in multiple RTS features and 

controls of similar age, type, and vegetation composition, our assessment of clonal growth 

response in disturbed and undisturbed tundra is somewhat limited, however, the key difference 

we found was in the abundance of genotypes identified as S. glauca, which is regarded as a 
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pioneer species (Viereck and Little, 1972), and which was nine times more abundant in the RTS 

than in MAT. The spatial arrangement of ramets illustrates not only patterns of clonal spread and 

fragmentation, but the underlying patterns of recruitment that lead to differences in species 

composition in tundra succession (Figure S3.3). It may be unsurprising that dominant species, 

colonizing species, less common species and hybrids were all more abundant in the RTS than in 

the MAT site. Their spatial arrangement suggests the patchy nature of recruitment as seed rain 

interacts with microsite (Eriksson and Froborg, 1996). In comparison to the RTS arrangement 

formed within decades, the predominance of mostly unhybridized S. pulchra ramets at the MAT 

site implies population persistence, and to some extent, distinctive clonal groups formed through 

layering (Argus, 2006). It is unknown whether RTS-disturbed tundra represents a shift to tall 

shrub tundra or a mid-successional stage of MAT with its characteristic stands of low-growing S. 

pulchra. RTS are patchy disturbances that appear to be confined to hillslope tundra on Alaska's 

North Slope and similarly hilly areas in the Canadian Arctic and elsewhere. If RTS become 

more frequent in the future, MAT communities may feature patchworks of RTS scars 

characterized by tall willow clumps of different species that persist for decades.

Species analysis suggests that S. pulchra is the dominant willow species in disturbed and 

undisturbed tundra, likely because it is more persistent than other willow species. The earliest 

fossil records of modern Salix are from North America in the early Eocene (Collinson, 1992), 

and pollen records from the Kobuk Valley in the Alaskan Arctic indicate that willows were 

dominant in that area during the middle and late Wisconsin glaciation (Hamilton et al., 1993). 

This evidence, and radiocarbon analysis of the I-minus 1 sites (Pizano et al., 2014), suggests that 

these plant communities have persisted for centuries.

3.5 Conclusions

Our work suggests that genetic diversity conferred by seedling recruitment may have long- 

lasting effects within clonal plant populations, particularly in environments where recruitment 

and growth are limited. It also suggests that clonality of willows in recently disturbed and late- 

successional tundra is not vastly different, likely because tundra willows may be exposed to 

conditions that stimulate root layering less frequently than riparian species. Interestingly, the 

downslope movement of clonal propagules across wide spatial distances in RTS was suggested 
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in our results. Analysis of additional sites may be necessary to more thoroughly investigate the 

dynamics of recruitment within these expanding physical features.

Although we focused on a small subset of thermokarst lakes on Alaska's North Slope, our 

study provides results that address the same concerns raised by more comprehensive studies, 

namely: how do plants respond to rapid anthropogenic change, and how do their responses affect 

global biodiversity and future ecosystem health? The human footprint in Alaska is still relatively 

small compared to other regions, but the rise of large and severe disturbances such as RTS and 

tundra wildfires in the Alaskan Arctic (Bret-Harte et al., 2013), the latter disturbance similar in 

size and severity to the recent devastating wildfires in California (Nauslar et al., 2018), urgently 

illustrate the importance of the continued study of vegetation responses to disturbance associated 

with global warming. An expanded understanding of seed bank and bud bank responses to 

disturbance is critical in being able to predict whether susceptible landscapes have sufficient 

genetic resources to recover, or whether they will undergo radical shifts in species composition, 

structure and function, and genetic diversity. Our study reveals useful insights about arctic shrub 

response to what is likely to become a more frequent type of tundra disturbance.
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3.10 Figures and Tables

Figure 3.1 Sample sites

Sample sites at Lake I-minus 1, North Slope, Alaska (inset maps). A retrogressive thaw slump 
(RTS) estimated to be middle-aged (11-30 years since disturbance, minimum estimate from woody 
shrub rings) and moist acidic tussock (MAT) tundra, likely undisturbed for centuries. Tall (> 0.5 
m) willows (in foreground of top photo) colonize the RTS aged ≤ 3 decades since disturbance, 
compared to low mixed tussock-forb vegetation characteristic of undisturbed MAT (bottom photo). 
RTS map: Google Earth; Alaska inset map: Toolik Field Station GIS.
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Figure 3.2 Nested sampling grid

Nested sampling grid (18 x 18 m) used to sample willow leaves from ramets. Grids were composed 
of pin flags placed at three spatial scales: 2 m = broad; 1 m = intermediate; 0.25 m = fine. Inset 
shows fine-scale flag placement in 0.25 m increments. Fine-scale grids were randomly placed 
inside the sample area. Sample points (stars) are ordered from upper left to lower right in all grids.
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Figure 3.3 Clonal ramets by spatial category

Total number of clonal ramets by spatial category (in meters) in undisturbed moist acidic tussock 
(MAT) tundra and retrogressive thaw slump (RTS) aged ≤ 3 decades since disturbance.

64



Figure 3.4 Spatial arrangement of clones in RTS

Spatial relationships of willow clones (matching clonal genotypes are grouped by number) and 
singletons (black circles) genotyped with 8 microsatellite loci in a retrogressive thaw slump (RTS) 
aged ≤ 3 decades since disturbance. Triangles show location of 2 - 4 excavated ramets of known 
clonal controls (known clonal genotypes are grouped by letter). Arrows indicate position of clonal 
ramets separated downslope.
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Figure 3.5 Spatial arrangement of clones in MAT

Spatial relationships of willow clones and singletons (genotyped with 8 microsatellite loci) in 
moist acidic tussock (MAT) tundra undisturbed by RTS erosion. Symbols and numbers follow the 
convention used in Figure 3.4.
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Figure 3.6 Species composition map

Species composition of willows at Lake I-minus 1 on Alaska's North Slope genotyped from ramets 
in 18 x 18 m nested grids in retrogressive thaw slump (RTS) aged ≤ 3 decades since disturbance, 
and moist acidic tussock (MAT) tundra undisturbed by RTS erosion. Pie charts show species 
composition by population, line plot (below map) shows same information by individual (vertical 
lines). Salix spp. 3, 4 and 5 are likely S. hastata, S. lanata L. subsp. richardsonii (Hook.), or others. 
Map: Google Earth.
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Figure S3.1 Threshold of clonality histograms

Pairs (bars) of willow genotypes assigned to the same clone using the Assign Clones model with 
stepwise mutation option for SSRs in GENODIVE 2.0b23. X-axis shows thresholds of clonality 
(the number of stepwise mutations allowed) for willows in a retrogressive thaw slump (RTS) ≤ 3 
decades since disturbance, and undisturbed moist acidic tussock tundra (MAT). Line shows the 
change in the number of distinct clonal groups relative to the change in pairwise distributions.
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Figure S3.2 STRUCTURE model selection

Model selection used in STRUCTURE 2.3.4 to describe species admixtures as a function of K 
clusters based on genotypes of willows sampled in a retrogressive thaw slump (RTS) ≤ 3 decades 
since disturbance and undisturbed moist acidic tussock (MAT) tundra. A) Model accuracy shown 
as ln likelihood values of models from K= 1 to K=10; B) change in model accuracy shown as 
difference in ln likelihood values from K= 1 to K=10.
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Figure S3.3 Species composition of ramets

Species composition of individual willow ramets sampled from 18 x 18 m spatial grids (see Figure 
3.2) at a retrogressive thaw slump (RTS) ≤ 3 decades since disturbance and moist acidic tussock 
(MAT) tundra likely undisturbed for centuries. Grids based on species admixture analysis using 
STRUCTURE 2.3.4. Grids are shown side-by-side for comparison.
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Table 3.1 Microsatellite information

Eight microsatellite loci from primer pairs (developed by aStamati et al., 2003 and bLauron-Moreau 
et al., 2013) used to genotype 223 willows at a retrogressive thaw slump (RTS, aged ≤ 3 decades 
since disturbance) and a site of undisturbed (> 300 years) moist acidic tussock (MAT) tundra near 
Toolik Lake, Alaska. Observed product size is in base pairs (bp). HO measures observed 
heterozygosity per locus.

Table 3.2 Genotype comparison

Primer name

Observed 

product size

(bp)

Observed 

no. of 

alleles

RTS

HO

MAT

HO

gSIMCT011a 298-420 11 0.688 0.768
gSIMCT024a 300-342 10 0.475 0.268
gSIMCT035a 150-320 13 0.234 0.366

gSIMCT041a 173-243 11 0.128 0.049
gSIMCT052a 244-378 27 0.489 0.695

PMGC223b 166-250 7 0.567 0.634

WPMS15b 136-208 11 0.191 0.146
WPMS16b 118-248 7 0.496 0.366

Comparison of genotypes derived from 8 microsatellite loci of willows sampled at two sites: a 
retrogressive thaw slump (RTS) aged ≤ 3 decades since disturbance, and nearby moist acidic 
tussock (MAT) tundra likely undisturbed for centuries. PD is percent distinguishable (n genotypes 
/n samples), total alleles is the sum of alleles. Clonal diversity is based on Nei's (1987) Gst index 
of diversity. Numbers of genotypes and clones (using the Welch Two Sample t-test), PD (using 
the Two Sample z-test Comparing Two Proportions) and clonal diversity (using bootstrapped 
confidence intervals, n = 999 permutations) were not statistically different between populations 
(each at P > 0.05).

Site Samples Genotypes Clones PD (%) Total alleles Clonal diversity

RTS 141 121 10 85.8 93 0.997
MAT 82 63 11 76.8 70 0.993
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Table 3.3 Genetic diversity and species richness

Numbers of individuals assigned to each species of Salix and genetic diversity (expected 
heterozyosity HT) among individuals of each species derived from STRUCTURE analysis (K = 5 
clusters) of willow SSR genotypes sampled at two sites: a retrogressive thaw slump (RTS) aged ≤ 
3 decades since disturbance, and nearby moist acidic tussock (MAT) tundra likely undisturbed by 
RTS for centuries. Putative hybrids are individuals with ≥ 30% membership in more than one 
cluster.

Site

RTS MAT

Taxon n Ht n HT

Salix pulchra 61 0.541 56 0.490

Salix glauca 34 0.632 4 0.846

Salix sp. 2 9 0.765 2 0.848

Salix sp. 3 12 0.735 1 0.848

Salix sp. 4 4 0.814 4 0.846

Putative hybrids 14 - 3 -

Shannon's Index (H) 1.239 0.654

Simpson's Index (D) 0.355 0.707
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Chapter 4 Secondary growth responses of deciduous shrubs in retrogressive thaw slump 
thermokarsts in the Alaskan Low Arctic3

3 Huebner, D.C., Buchwal, A. and Bret-Harte, M.S. (2020). Secondary growth responses of deciduous shrubs in 
retrogressive thaw slump thermokarsts in the Alaskan Low Arctic. Global Change Biology (to be submitted for 
review).

Abstract

Since the 1980's, Alaska's North Slope has experienced a 67% increase in thermokarst activity, 

including retrogressive thaw slumps (RTS). RTS are large (≥ 1 ha) de-vegetated depressions 

caused by ice-rich permafrost soil thaw and mass displacement. Within decades, several RTS 

near Toolik Lake have been colonized by deciduous shrubs ≥ 0.5 m in height. RTS may feature 

microsites that support greater plant recruitment and growth than surrounding tundra. By 

incorporating the climate signal into their annual growth rings, woody shrubs record the 

magnitude of climate effects on their environment and are thus extremely useful for investigating 

change in sensitive environments. We used dendrochronology methods on 182 stem cross 

sections (4,848 rings) of dominant deciduous shrub species: willows (Salix pulchra and Salix 

glauca) and dwarf birch (Betula nana), to quantify climate effects on shrub secondary growth in 

RTS-disturbed and undisturbed moist acidic tussock (MAT) tundra at two lakes on Alaska's 

North Slope. We expected shrub age, determined from growth ring chronologies, to positively 

correlate with RTS time since disturbance, wider growth rings in RTS relative to undisturbed 

MAT, and a magnified climate sensitivity in RTS growth rings. The study revealed that shrub 

age was a reliable predictor of time since disturbance in young RTS (≤ 1 decade since 

disturbance) but not in older RTS. Most shrubs in RTS across species had wider rings than 

shrubs in undisturbed MAT. A 1 °C June mean temperature increase was uniformly associated 

with a 2-6% increase in secondary growth of most shrubs, but an amplified response to the 

climate was not found in most RTS shrubs. Previous year September precipitation showed a 

stronger association with increased secondary growth in most RTS shrubs than in MAT, 

suggesting protective effects of early snowfall accumulations in RTS may be greater than in open 

tundra. Most RTS and undisturbed sites showed similar patterns of decelerating growth with 

second-order June mean temperature, suggesting that these sites, regardless of disturbance, may 

be moisture limited.
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4.1 Introduction

It is estimated that up to half of all soil organic carbon stored in permafrost regions of the 

world is vulnerable to release through thermokarst activity, a type of land subsidence caused by 

thaw of ice-rich permafrost soils (Olefeldt et al. 2016). Retrogressive thaw slumps (RTS) are a 

type of thermokarst characterized by large (≥ 1 ha) de-vegetated depressions on hillslopes 

caused by thaw and mass displacement of ice-rich permafrost soils. Thermokarst events, 

including RTS thermokarsts, have increased on Alaska's North Slope by two-thirds since the 

1980s, (Bowden et al. 2008; Gooseff et al. 2009) and have been increasing in Western Canada 

since the 1950s (Lantz and Kokelj 2008). RTS are characterized by a steep cliff or headwall and 

a slump floor of bare soil, usually caused by the detachment and translocation of the seasonally 

unfrozen, or active layer of soil (Gooseff et al. 2009). Active RTS on Alaska's North slope have 

demonstrated losses of > 50% of biodegradable C before disturbed soils re-stabilize (Pizano et al. 

2014; Abbott et al. 2014), while studies of Siberian permafrost landscapes estimated releases of 

Pleistocene-era carbon stores upwards of 13.2 kg C m-2 (Fuchs et al. 2018).

Over time, in contrast to growth-limiting conditions in late-successional tundra (Billings 

1987), stabilized RTS in Western Canada and Alaska have been observed to support increased 

seedling recruitment and growth of tundra shrubs, graminoids, and forbs due to ground that is 

usually warmer, nutrient-rich, and relatively free of vegetation following disturbance (Lantz et 
al. 2009; Huebner and Bret-Harte 2019). Within a few decades of disturbance, RTS in the Toolik 

Lake area of Alaska's North Slope have been colonized by stands of tall (≥ 0.5 m) shrubs, 

mainly dwarf birch (Betula nana) and willows (Salix spp.) (Pizano et al. 2014; Huebner and 

Bret-Harte 2019).

Woody shrubs are among the largest and most dominant of tundra plant life, and they exert 

strong controls on ecosystem processes. Increased vertical and lateral growth of shrubs can affect 

ecosystem feedbacks and food webs by altering existing tundra communities (Euskirchen et al. 

2009; Myers-Smith and Hik 2013; Tape et al. 2018). Shrub tundra has demonstrated higher rates 

of carbon (C) turnover and respiration that might lead to net depletion of northern carbon stocks, 

compared to heath and graminoid tundra (Parker et al. 2015; S0rensen et al. 2018). Alternatively, 

because shrubs can alter soil properties through shading and litter deposition, they may play a 

key role in re-stabilization of permafrost soils (Blok et al. 2010).
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Secondary growth, i.e. annual ring production in stems of woody plants, provides a natural 

record of interannual climate variation (Fritts 1966, 1976; Schweingruber et al. 1990; D'Arrigo 

et al. 2001; St. George and Ault 2014). Secondary growth of trees and shrubs is also a sensitive 

indicator of environmental alterations brought about by fire (Bergeron et al. 2002), geological 

disturbance (Owczarek et al. 2013; Gartner-Roer et al. 2013; Siekacz 2014) and changes in 

seasonal conditions such as increased snow (Addis and Bret-Harte 2019). There is recent 

evidence across tundra biomes that shrubs are particularly sensitive to soil moisture, and in areas 

experiencing moisture limitation, shrubs may show reduced or variable growth under a warming 

climate (Myers-Smith et al. 2015). As such, dendrochronology is a useful tool for understanding 

plant response to change in sensitive environments.

Shrub response in RTS-disturbed tundra remains largely understudied. However, sites that 

are vulnerable to RTS can be useful for studying tundra successional processes because they 

often feature several RTS formed at different times, i.e. chronosequences. We present a novel 

study: the comparison of shrub secondary growth responses to climate signals in RTS-disturbed 

tundra and undisturbed tundra on Alaska's North Slope. Quantifying shrub response to 

interannual climate variation (direct effects of climate warming) versus RTS disturbance 

(indirect effects of climate warming) is important to understand the greening of the Arctic that is 

currently underway.

We investigated direct versus indirect climate effects on secondary growth of dominant 

deciduous shrubs, willows (Salix spp.) and dwarf birch (Betula nana), at two RTS-disturbed lake 

shores on Alaska's North Slope. The main goal of the study was to compare shrub ages and 

growth ring widths in RTS-disturbed and undisturbed tundra, to test whether variation in 

secondary growth is primarily caused by interannual climate variation or local environmental 

conditions in RTS. Because woody plants in northern environments are especially sensitive to 

climate warming, largely as a function of nutrient availability (Chapin et al. 1995; Bret-Harte et 

al. 2002), local environmental conditions in RTS (available space, light, nutrients, and warmth) 

may themselves enhance shrub growth, and as such may magnify the climate signal in the 

secondary growth of tundra shrubs due to the positive interaction of climate and local 

characteristics (Figure 4.1a,b). We hypothesized that shrub ring widths may be positively 
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associated with climate warming directly, regardless of disturbance, and also indirectly, due to 

enhanced habitat conditions for shrub growth in RTS than in undisturbed tundra.

Based on this conceptual model, the following hypotheses were tested in this study:

H1: Shrub ages reflect a minimum time since RTS disturbance;

H2: Growth rings are wider in RTS than in undisturbed tundra;

H3: Shrubs are sensitive to climate at both RTS and undisturbed control sites, but climate 

sensitivity (expressed by the slope coefficient of linear regression) is enhanced in RTS due to 

the positive interaction of climate warming and RTS local conditions on secondary growth.

4.2 Methods

4.2.1 Study site

The study area is located in the vicinity of Toolik Field Station (68°37'39''N, 149°35'51"W, 

elevation 720 m) in the Low Arctic. The climate is characterized by a mean annual temperature 

of -8 oC and mean annual precipitation of 300 mm, most of which falls as snow (Environmental 

Data Center Team 2016). Soils form thin peaty organic layers underlain by > 200 m (average 

depth) of continuous permafrost that thaws to approximately 0.5 m active layer depth in summer 

(Romanovsky et al. 2002). Moist acidic tussock (MAT) is the dominant tundra type in the area, 

characterized by tussock-forming sedges (Eriophorum spp.), mosses, and a mix of dwarf 

deciduous and evergreen shrubs, herbaceous forbs, and lichens (Walker and Maier 2008).

The two chronosequence sites we studied, Lake I-minus 1 and Lake NE14, have been 

estimated to be roughly analogous in vegetation, soil characteristics, and minimum estimated 

time since disturbance (Pizano et al. 2014; Huebner and Bret-Harte 2019). Aerial photos of Lake 

I-minus 1 from 1949 showed a developed RTS headwall on the southern shore (U.S. Geological 

Survey 2019), however, shrub ring counts and radiocarbon dating of moss macrofossils at the 

organic-mineral soil interface suggest that these sites form RTS chronosequences varying in age 

from one to several decades since disturbance (Pizano et al. 2014; Huebner and Bret-Harte 

2019). We classified them into minimum age categories as young (≤1 decade since disturbance, 

1 site), middle-aged (>1 to < 3 decades since disturbance, 2 sites), old (≥ 3 decades since 

disturbance, 2 sites) and undisturbed MAT (2 sites) (Figure 4.2a-d). MAT sites have not been 

aged but are assumed to be undisturbed by RTS for at least a century.
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4.2.2 Shrub sampling and processing

In late July and early August of 2012 and 2013 we collected 141 ramets (rooted branches), 

each ramet representing an individual dwarf birch (Betula nana) or willow shrub (primarily erect 

layering species S. pulchra and S. glauca) in seven RTS sites: three sites at Lake I-minus 1 

(consisting of one middle-aged and one old RTS, and one undisturbed MAT, aka control, site); 

and four sites at Lake NE14 (consisting of one young, middle-aged, and old RTS, plus one 

undisturbed MAT site) (Figure 4.2b,c). Specifically, we collected from 6 to 23 ramets per species 

per site (83 willow, 57 dwarf birch), along 1 x 50 m transects (1 transect per site, 7 transects 

total).

Transects were run upslope at all RTS and control sites to capture variation in vegetation 

and soil characteristics along slope elevation gradients formed by RTS, with transect origins at 

the bottom of the slope (Huebner and Bret-Harte 2019). Because these species can spread 

laterally by re-sprouting of underground stems, ramets were sampled at intervals of 4-5 m along 

transects to avoid potentially resampling the same individual. In order to determine time since 

seedling recruitment, ramets were excavated to remove aboveground and belowground material 

with clippers at the point just below the root collar (the root-shoot interface of the seedling). 

Where possible, the entire shrub was harvested. Willows were found at all seven sampling sites, 

and dwarf birches were found at four sites: the old RTS and undisturbed control at NE14, and the 

middle-aged RTS and undisturbed control at I-minus 1. We did not sample shrubs at the young 

RTS at Lake I-minus 1 due to ongoing studies inside the RTS that precluded destructive shrub 

excavation and removal.

Shrub age estimates were initially determined by visually counting growth rings along a 

minimum of two radii per cross section, for 2-3 cross sections per individual shrub. Cross 

sections were cut by hand with a razor blade and stained with 1% phloroglucinol in 20% HCl 

(Bret-Harte et al. 2002) and rings were counted under a compound microscope. Due to low 

resolution in determining time since recruitment across all individuals, we subsequently used 

dendrochronological methods (Schweingruber and Poschlod 2005) to verify estimates of shrub 

age and quantify secondary growth rings on a subset of the putatively oldest individuals. For this 

analysis, archival slides were made from thin cross sections (15-20 &m) cut from stems using a 
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GSL1 sledge microtome (Schenkung Dapples, Zurich; Gartner et al. 2014) from 42 willows (6 

shrubs per 7 sites) and 24 dwarf birch (6 shrubs per 4 sites). Cross sections were mounted on 

glass slides, stained with 1% aqueous AstraBlue-Safranin dye (Astra Blue 6GLL: Marker Gene 

Technologies, Inc., Eugene, OR; Safranin: Ward's Natural Science, Ltd, St. Catharines, ON) 

washed with 95% ethanol, and fixed in Canada Balsam (Alfa Aesar, Heysham, UK) by curing 

slides for 48 h at 60 °C. Stems were serially sectioned about 10 cm apart along ramets (2-4 cross 

sections per ramet) to account for potential differences in aboveground and belowground growth 

as a function of resource allocation, including discontinuous or missing rings (Buchwal et al. 

2013). High-resolution images of rings were made from slides with a Leica microscope camera 

at 40-100x magnification and composite images were stitched together in Adobe Photoshop 
(Adobe Systems USA) (Figure 4.3a-d).

Ring widths were measured along an average of nine radii per individual (three radii per 

cross section) to 0.001 &m using ImageJ software (Abramoff et al. 2004). Growth ring 

measurements were cross dated visually for each individual shrub, as well as between individual 

shrubs. Because secondary growth of arctic shrubs may be constrained or irregular due to harsh 

environmental conditions, we used positive pointer year rings (i.e., relatively wide and complete 

rings common to all radii sensu Schweingruber et al. 1990) to detect missing or discontinuous 

rings in each cross section. We first compared the number of rings between positive pointer years 

on different radii to detect where incomplete rings occurred, then verified the position of the 

discontinuous ring by following small rings completely around the cross section. Where we 

detected discontinuous rings, a value of 1 &m was assigned as a value of minimum growth for 

that radius for that year, in order to calculate average ring widths for the entire cross section. 

Where missing rings were detected as a variation in growth allocation between different cross 

sections along a ramet, a value of 1 &m was assigned for all radii in that cross section for that 

year.

At the final stage, visual cross dating results were verified in COFECHA (Grissino-Mayer 

2001). Verification for each individual was done by comparing time series intercorrelations of 

ring widths (') for each species at each site to detect growth patterns common to all individuals. 

In order to perform a final cross dating test, growth patterns of site chronologies were compared 

to Salix pulchra chronologies from nearby sites in the Toolik Lake research corridor
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(Ackerman et al. 2017, 2018). Site chronologies were built for each species at each site from 

ring width indices (RWI) calculated as the raw ring width divided by a detrending curve of 

expected growth for each year. Individual shrub growth series were detrended using a cubic 

smoothing spline with a default frequency response value of 0.5n years and a default spline 

length of 2/3 of each series. Detrending was performed in the dplR package (Bunn 2008) in R (R 

Core Team 2019). Chronology statistics including ', mean sensitivity, expressed population 

signal (EPS), first-order autocorrelation, and signal-to-noise ratio (snr) (Wigley et al. 1984) were 

obtained using COFECHA and the dplR package.

4.2.3 Statistical analysis

To test the hypothesis that shrub age reflects minimum RTS age (H1), we first compared the 

results of our two age dating methods (see above) performed on the subset of the putatively 

oldest shrubs selected for dendrochronological analysis. This step was completed using linear 

regression analysis. All linear models in this study were created using JMP Pro 13.2.0 software 

(SAS Institute Inc. 2017). We used two-way ANOVA, with the number of years assessed for 

each shrub as the response variable, and the method (dendrochronological method, visual 

counting method) and species (dwarf birch, willow) as explanatory variables, plus an interaction 

term for method and species to account for differences in identifying ring boundaries for dwarf 

birch and willow. Next, we used one-way ANOVA to determine RTS age category effects on 

shrub age, with estimated shrub age in years as the response variable and RTS age category (four 

levels: young, middle-aged, old and undisturbed control MAT, classified as above) as the 

explanatory variable. Because we only had 1 young RTS site (at NE14, Figure 4.2b) at which we 

found only willows, and because dwarf birch was found in only four sites, we performed 

separate analyses for each species at each RTS chronosequence.

To test the hypothesis that growth rings are wider in RTS than in undisturbed MAT (H2), 

we used one-way ANOVA of RTS age effects on ring widths for each species in linear models. 

Raw ring widths were used as the dependent variable, because they met assumptions of normally 

distributed data. For this analysis, because juvenile rings are typically wider than average, we 

controlled for juvenile effects by excluding five juvenile (i.e., innermost) rings from climate

growth analysis to avoid overinflated means between RTS categories (Speer 2010). We used
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Tukey's post-hoc test for comparison of statistically significant mean values by RTS age 

category.

To test the hypothesis that climate sensitivity will be greater in the growth of RTS shrubs 

relative to shrubs in undisturbed MAT (H3), we first determined the climate variables most 

likely affecting shrub growth at our sites using the R package treeclim, which quantifies 

relationships between RWI and climate data (R Core Team 2019; Zang and Biondi 2015). We 

computed bootstrapped (1000 iterations) correlation coefficients between standardized growth 

ring data using mean monthly temperature (averaged minimum and maximum values) and 

monthly total precipitation (24-hour averages) from 1988 to 2013 recorded continuously at 

Toolik Field Station, which is within 10 km of both study sites (Environmental Data Center 
Team 2016).

In order to make meaningful comparisons of climate interactions on ring widths between 

RTS disturbance categories in hypothesis 3, we used raw ring widths for our response variables 

rather than the unitless RWI, which has a mean value of 1. The innermost 5 rings were excluded 

from each shrub to control for juvenile effects. We used linear regression to test goodness-of-fit 

of log-transformed raw ring widths to mean monthly temperature and precipitation variables that 

were significantly correlated with RWI chronologies in a first stage of climate-growth 

relationship analyses performed in treeclim. Because climate sensitivity of shrubs is expected to 

vary where there are other limiting factors, we also included a polynomial (i.e. quadratic) 

temperature term for June to account for variation in shrub growth in warmer years, after 

Ackerman (2017). This term accounts for the effect of moisture limitation where growth is 

marginal, such that ring widths in warmer years may be smaller than expected, as previous 

studies suggest that soil moisture can affect the climate sensitivity of tundra shrubs (the soil 

moisture hypothesis sensu Myers-Smith et al. 2015). To control for variation in secondary 

growth explained by climate and non-climate variables, we used linear mixed-effects (LME) 

models. Fixed effects included RTS type (categorical variable), and continuous climate variables 

consisting of mean June and July temperature of the current year (including the second-order, i.e. 

quadratic term for June mean temperature) and September precipitation of the previous year, plus 

the interaction of RTS age category and each climate variable. Ramet age in years was also used 

as a fixed effect to account for changes in growth as stems age and as stem diameters increase
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(not to be confused with shrub age estimates in hypothesis 1). Our response variable was raw 

mean ring width per year. To control for individual variation in growth, we used individual shrub 

as a random effect.

We ran separate analyses for each species at each RTS chronosequence. LME model 

selection was based on comparison of AICc and BIC values of the full model to a reduced model 

to determine overall goodness-of-fit. AICc was used due to small subsample sizes (Burnham & 

Anderson 2002). The strength of climate effects in hypothesis 3 was determined comparing the 

slope coefficient (with associated 95% confidence intervals) of climate variables between 

groups. To assess model strength of the best LME models, we reported the contribution of fixed 

main effects as the proportional variance over all parameters used in the fitted model, after 

Saltelli (2002). LME models and proportional variance analyses were run using JMP Pro 13.2.0 
software (SAS Institute Inc. 2017).

4.3 Results

Comparison of dating methods to test H1: The archival dating method found an average of

4.4 more rings per individual shrub than the original method used to date the same individuals 

(F3, 128 = 4.005, P = 0.009). There was no interaction between method and species. Because the 

archival method fit shrub rings to a specific chronology based on common growth patterns, we 

chose this method for its greater accuracy to test RTS age effects against shrub age estimates in 

hypothesis 1.

H1: Shrub ages reflect a minimum time since RTS disturbance: Mean age of willows in the 

young RTS were 18-25 years younger than shrubs in other age categories (Figure 4.4a; F3, 20 = 

19.796, P < 0.0001). However, willow ramets in the middle-aged and old RTS categories, were 

not different from those in undisturbed MAT (Tukey's HSD for middle-aged RTS:undisturbed 
MAT: t2.79, 20 = 2.17, P = 0.167; and old RTS:undisturbed MAT: t2.79, 20 = 0.14, P = 0.998; Figure 

4.4a). Dwarf birch ramets at NE14 were found only at the old RTS and undisturbed MAT, were 

on average 32 and 34 years old, respectively, and were not statistically different in age between 
RTS age categories and undisturbed MAT (F1, 10 = 0.383, P = 0.549; Figure 4.4a). RTS age 

effects on mean estimated age of willow ramets at the I-minus 1 chronosequence were significant 

(F2, 15 = 4.91 P = 0.023) but did not support our hypothesis that ramet age would reflect 
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minimum time since disturbance, because willow ramets in the middle-aged RTS were 9.2 years 

older than willows in the old RTS but not significantly different from those in the undisturbed 
MAT (Tukey's HSD for middle-aged RTS:undisturbed MAT: t2.60, 15 = 1.01, P = 0.584; and old 

RTS:undisturbed MAT: t2.79, 20 = -2.07, P = 0.130; Figure 4.4b). Dwarf birch ages at I-minus 1 

and were on average 7.8 years younger in the middle-aged RTS than in the undisturbed MAT, 

ranging in age from 26 to 34 years old, but the difference between RTS age categories was only 

marginally significant (F1, 10 = 4.331, P = 0.064; Figure 4.4b). With the exception of shrubs 

found in young RTS, these results largely did not support our hypothesis.

H2: Growth rings are wider in RTS than in undisturbed tundra: At both sites, RTS age 

category had significant positive effects on raw mean growth ring widths of willow and dwarf 

birch, because ramets of both species growing in RTS had wider growth rings than ramets 
growing in undisturbed MAT (ANOVA for willows: I-minus 1: F2, 476 = 80.153, P < 0.0001; and 

NE14: F3, 454 = 20.984, P < 0.0001; ANOVA for dwarf birch: I-minus 1: F1, 318 = 122.312, P < 

0.0001 and NE14: F1, 327 = 16.808, P < 0.0001). At I-minus 1, willow growth rings in the 

middle-aged RTS were on average more than twice the width of rings in the undisturbed MAT, 

and willow growth rings in the old RTS were 1.3 times wider than rings in undisturbed MAT 

(Figure 4.5a). At NE14, willow growth rings in the young RTS were four times wider than 

growth rings in the undisturbed MAT, while willow growth rings in the middle-aged and old 

RTS were 1.3 times wider than rings in undisturbed MAT (Figure 4.5a). At I-minus 1, dwarf 

birch rings from the middle-aged RTS were more than twice the width of rings of dwarf birch in 

undisturbed MAT, and at NE14 dwarf birch rings were 1.3 times wider than in undisturbed MAT 

(Figure 4.5b). Overall, these results showed strong support for this hypothesis.

H3: RTS enhances climate sensitivity: Shrub chronology statistics showed mean series 

intercorrelation values (ȓ) ranging from 0.419 to 0.712 across species and sites (Table 4.1); 

mean r values were 0.500 and 0.502 for dwarf birch and willow, respectively. Seven out of 

eleven populations across species had EPS threshold values ≥ 0.85; the other four ranged from 

0.81 - 0.83 (Table 4.1), with mean values of 0.86 for both dwarf birch and willow. Climate

growth relationship analysis performed on detrended series (1989-2013) found significant 

correlations between willow RWI and June mean temperatures and previous September 

precipitation at both chronosequences (Figure 4.6a; Figure S4.1A,B). With the exception of the 
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young RTS at NE14, which shows low growth followed by a large increase in RWI after 2005, 

growth patterns show consistent overall responses to warmer and cooler temperatures as well as 

to wetter and drier years across species (Figure 4.6a,b).

The best LME models, based on AICc and BIC scores, showed that willow growth rings 

were on average 4% wider per 1 °C increase in June mean temperature at both NE14 and I-minus 

1 (Tables 4.2 and 4.3; log transformed raw ring widths). RTS age category x temperature 

interactions were significant at both sites, but the growth response was different at each site 

(Figure 4.7a,b). At NE14, growth increase per 1 °C increase in June mean temperature was 

explained by positive growth in the middle-aged RTS, which showed a 2.7% increase in ring 

width per unit increase in temperature (Table 4.2; Figure S4.2a), while willow rings in the 

undisturbed MAT showed a 3.4% decrease per unit increase in temperature (Table 4.2; Figure 

4.7b). There was no significant difference in ring width relationships with temperature for 

willows found in the young and old RTS age categories at NE14 (Table 4.2; Figure S4.2a). By 

contrast, at I-minus 1, RTS age category x temperature interactions were explained by decreasing 

ring widths in the middle-aged RTS, which showed a 5% decrease per 1 °C increase in June 

mean temperature (Table 4.3; Figure S4.2b). Willow ramets in the undisturbed MAT (Figure 

4.7a) and the old RTS (Figure S4.3b) had a positive growth response to June mean temperature, 

which were not statistically different in the best LME models (Table 4.3). Second-order 

relationships to June mean temperature were significant at both chronosequences without 

significant interactions with RTS age category (Tables 4.2, 4.3) and there was a deceleration in 

willow growth between 10-11 °C (Figures 4.7a,b).

Growth response of willows to the previous September's precipitation showed positive 

slopes in RTS age categories at both chronosequences (Figures 4.7c,d) and there were significant 

RTS age category x precipitation interactions (Tables 4.2, 4.3). Willow ring widths at I-minus 1 

showed a 5-6% increase per 1 mm increase in previous September precipitation, with no 
statistical difference between RTS and undisturbed MAT (Table 4.3; Figure 4.7c). RTS age 

category x precipitation interactions at I-minus 1 were likely caused by contrasting growth 

responses in different RTS age categories: a 5% increase in ring width of willows in the middle

aged RTS (Table 4.3; Figure S4.2d), and a negative trend of growth in the old RTS per 1mm 

increase in precipitation (Table 4.3; Figure S4.2d). At NE14, willows in the middle-aged and old 
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RTS showed a 4% increase in growth per 1 mm increase in the previous September's 

precipitation (Table 4.3), accounting for a higher slope across RTS age categories relative to 

willows in the undisturbed MAT, which showed no significant growth response to previous 

September precipitation (Figure 4.7d). Although willow growth response to previous September 

precipitation was significantly positive in most RTS age categories at NE14 (Table 4.2), willows 

in the young RTS did not show a significant growth response to previous September 

precipitation (Figure S4.2c). Due to these contrasting growth responses, this was not a 

statistically significant fixed effect across this chronosequence (Table 4.2; Figure 4.7d).

For dwarf birch, which was represented by one RTS age category and one undisturbed MAT 

control at each lake site, June and July temperatures were significant predictors of ring widths in 

LME models (Tables 4.2, 4.3). At I-minus 1, dwarf birch ring widths increased by 6% per 1 oC 

increase in June mean temperature in the middle-aged RTS and undisturbed MAT (Table 4.3). 

RTS age category x temperature interactions were not significant at I-minus 1, because birch ring 

widths in the middle-aged RTS and undisturbed MAT showed similar unit increases in slope for 

June (Table 4.3; Figure 4.7e) and July temperatures, although the growth increase per 1 oC 

temperature increase in July was marginally significant (Table 4.3). At NE14, significant RTS 

age category x temperature interactions in the best LME models were driven by contrasting 

effects of summer mean temperatures on dwarf birch growth in the old RTS versus undisturbed 
MAT. Dwarf birches in the old RTS at NE14 showed a 1.3% decrease in ring width per 1 oC 

increase in June mean temperature compared to a 1.6% increase in ring width in undisturbed 

MAT (Table 4.2). In contrast, dwarf birches growing in the old RTS showed a 1.3% increase in 

ring width per 1 oC increase in July mean temperature versus a 1.3% decrease in the undisturbed 

MAT (Table 4.2). When first- and second- order June mean temperature was regressed against 

dwarf birch ring width (log-transformed) there was little difference in growth response between 
the RTS and undisturbed MAT at NE14 (RTS Old: F2, 128 = 1.566, P = 0.233; Undisturbed: F2, 137 

= 0.050, P = 0.951; Figure 4.7f).

Interactions between RTS age category and previous September's precipitation were 

significant for dwarf birch growth at both chronosequence sites, but the relationships showed 
opposite effects for RTS and MAT at each site (Tables 4.2, 4.3; Figures 4.7g,h). At I-minus 1 

this interaction was explained by a 7% increase in ring widths for dwarf birches growing in the 

84



middle-aged RTS relative to those growing in the undisturbed MAT (Table 4.3). In contrast, at 

NE14, greater precipitation in the previous September was associated with a 3% decrease in ring 

widths of dwarf birches growing in the old RTS relative to those growing in undisturbed MAT 
(Table 4.2).

Growth rings widths of both species showed a linear decrease of 1-2% per year with 

increasing ramet age at both chronosequences (Tables 4.2, 4.3; Figure 4.8a,b).

Significance of fixed effects. Ramet age as a fixed effect explained 39 to 75% of the variance 

in dwarf birch LME best models, but only 4 to 14% of the variance in the willow models (main 

effects, Tables S4.1-S4.4). RTS age category was also important, explaining 32 to 63% of the 

variance in willow LME best models and 15 to 25% of the variance in the dwarf birch models 

(main effects, Tables S4.1-S4.4). June mean temperature accounted for 9 to 17% of the variance 

in LME best models for willow, and from 2 to 10% of the variance in dwarf birch models (main 

effects, Tables S4.1-S4.4). July mean temperature explained 2-4% of the variance in the dwarf 

birch LME best models (main effects, Tables S4.3, S4.4) but was not a significant predictor for 

willow growth and therefore was not used in the final LME models for willows. The second- 

order term for June mean temperature varied in importance as a main fixed effect; it explained 

from 5 to 11% of variance in willow LME best models at both chronosequence sites (main 
effects, Tables S4.1, S4.2) and 13% of dwarf birch models at I-minus 1 (main effects, Table 

S4.3). It was not a significant factor in the best LME growth models for dwarf birch at NE14, 

and thus was excluded from those final models. Although previous September precipitation was 

a significant factor in most models, it was particularly important for willows at I-minus 1, 

accounting for 6% of variance in willow LME best models but 1% elsewhere (main effects, 
Tables S4.1-S4.4).

4.4 Discussion

Our results demonstrate that secondary growth of dominant deciduous shrubs in the Toolik 

Lake area of Alaska's North Slope is greater in RTS on average than in tundra undisturbed by 

RTS. In support of other studies in this area (Ackerman et al. 2017, 2018) as well as studies in 

other tundra regions (Hallinger et al. 2010; Buchwal et al. 2013; Myers-Smith et al. 2015), 

shrubs at our sites showed a positive relationship between increased secondary growth and 
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higher summer mean temperatures, but we found little evidence that shrubs in RTS showed 

greater sensitivity to summer temperature than shrubs in undisturbed tundra. Interestingly, shrubs 

in most RTS age categories showed what appeared to be a positive growth response to higher 

levels of precipitation in the previous September. September mean temperature in this area was 

at or below freezing for the period studied (Environmental Data Center Team 2016), suggesting 

that precipitation, in the form of early snowfall accumulations, may positively influence 

secondary growth of RTS shrubs in the following summer. Decelerating growth of shrubs 

associated with the second-order June mean temperature term was seen in most of our shrubs, 

suggesting reduced climate sensitivity of shrubs in warmer years that is likely influenced by 

other limiting factors. Our results support other analysis that demonstrated that the climate 

sensitivity of shrubs across the tundra biome is affected by changes in soil moisture (Myers- 

Smith et al. 2015; Ackerman 2017, 2018), and further suggests that our sites may be moisture

limited. Shrub age was significantly associated with time since disturbance at the youngest RTS 

site only, but shrubs at older sites were more similar in age and did not show predicted 

relationships to RTS minimum time since disturbance estimates. Most shrub ramets showed a 

decrease in ring width over time, which is likely a function of increasing stem diameter.

H1: Shrub ages reflect a minimum time since RTS disturbance

Shrub age as a proxy for disturbance age was supported by shrubs at the youngest RTS 

likely because we found more shrub seedlings there than elsewhere, and their age of recruitment 

fell within the time span reported for recent RTS activity in the area (Bowden et al. 2008; Pizano 

et al. 2014; Huebner and Bret-Harte 2019). A large increase in RWI, i.e. detrended growth ring 

values in the young RTS at NE14 after 2005 corresponds with estimated time since disturbance; 

such an increase could represent a post-disturbance growth pulse that was not seen at the other 

sites (Figure 4.6a,b), likely due to the relatively recent RTS activity in the young site. Lack of a 

disturbance-related change in RWI in the other shrub chronologies makes it more difficult to 

estimate RTS time since disturbance as well as shrub age at the other sites. Even when 

aboveground and belowground parts have been completely excavated, shrub aging may be 

complicated by the fact that these species spread clonally by root layering of ramets (Argus 

2006; Huebner et al. 2019); therefore, unless one is reasonably certain that the original root 

collar has been excavated, growth rings might reflect ramet age rather than genet age. In our 
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original dataset of 141 samples aged by visual ring counts, although we counted fewer rings 

overall, we found as we did here, using subsets, that shrub ages from older RTS and undisturbed 

MAT were more similar than different; most ramets were 25-35 years old across species 

(original ring counts not shown), and similar to other studies of willow shrubs in boreal and Low 

Arctic tundra (Danby and Hik 2007; Ackerman et al. 2017, 2018). Age of shrubs at older sites 

therefore most likely reflects ramet turnover at these sites.

H2: Growth rings are wider in RTS than in undisturbed tundra

Our ring width results support our second hypothesis. Our previous studies at these sites 

found greater seedling abundance, greater deciduous shrub cover, and greater shrub height 

strongly associated with several biologically important environmental characteristics in RTS that 

were less apparent in undisturbed MAT tundra, namely bare soil, a lower, more collapsed 

topography that may shelter plants from extreme temperatures, and higher amounts of plant- 

available nitrogen (Huebner and Bret-Harte 2019). All of these environmental characteristics 

may be expected to promote secondary growth in shrubs. In agreement with classic forest 

successional theory (Clements 1916), and other studies of plant response following permafrost 

thaw (Lantz and Kokelj 2008; Lantz et al. 2009; Becker et al. 2016), RTS in this area appear to 

be sites of increased recruitment and growth compared to mature MAT. Differences in growth 

rings of shrubs across our RTS age categories may also be due to biotic factors contributing to 

differential growth response within species, between species within genera, or through increased 

opportunities for hybridization between species. Our previous study of willow genotypes at 

these sites found that S. pulchra was the dominant willow species in this area, forming a dwarf 

habit in mature MAT tundra (Huebner et al. 2019). We further found that willows sampled in 

RTS showed greater species richness, including greater abundance of S. glauca (Huebner et al. 

2019), a pioneer species with a variable growth habit, which has been listed as both a tree and a 

shrub in some Alaskan flora (Viereck and Little 1972). This difference in growth in RTS- 

disturbed and undisturbed tundra may be important in understanding the role of shrubs in carbon 

storage as the arctic warms, as some studies suggest shrubs may allocate more carbon to 

belowground tissues under climate warming than previously assumed (Buchwal et al. 2013).
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H3: RTS enhances climate sensitivity

Secondary growth of woody plants is considered to be a sensitive indicator of environmental 

changes across latitudes, and especially in tundra biomes (Myers-Smith et al. 2015). Our 

hypothesis was supported mainly by an amplified growth response of shrubs in most RTS age 

categories, and some shrubs in undisturbed tundra, to previous year September precipitation. We 

found this to be an interesting and novel result because it suggests that precipitation in the form 

of early snowfall, which tends to occur in September on the North Slope (Figure S4.3), may 

exert stronger effects on shrub secondary growth in RTS relative to undisturbed tundra, likely 

due to deeper snow accumulation in RTS depressions at the start of winter.

Early snow accumulations may be important for several reasons. If the RTS fills with snow 

early in winter, it may provide protection from winds and extreme temperatures that occur later 

on. Although we did not measure snow depth in our RTS sites, total September precipitation 

from 1989-2013 ranged between 4 - 89 mm at Toolik Lake, which is within 10 km of our study 

sites, and snowdrifts > 1m from high winds are common in this area. At our RTS sites we 

measured average shrub heights of 0.3 - 0.9 m versus 0.2 - 0.3 m average heights in our 

undisturbed MAT sites (Huebner and Bret-Harte 2019), which might differentially trap early 

snow.

The effects of early snow accumulations in RTS may additionally enhance growth in spring 

by forming an insulative layer and buffering ground temperatures at the start of winter. 

Snowpacks in some Canadian RTS have demonstrated soil temperatures as much as 10 °C 

warmer in winter than in control areas (Lantz et al. 2009), while tall (> 0.5 m in height) shrub 

patches in alpine tundra have demonstrated midwinter soil temperatures 4-5 °C warmer under 

snow layers trapped by tall branches, compared to shrub-free areas (Myers-Smith and Hik 2013). 

Increased radial growth in response to deeper snow has been demonstrated for deciduous shrubs 

in the Toolik Lake area in snowfence experiments (Addis and Bret-Harte 2019), as well as for 

coniferous species in northern alpine tundra (Hallinger et al. 2010). There is also evidence that 

snow accumulations can positively affect nutrient balance, although the effect of added winter 

snow on soil N pools has shown mixed results, with increased N mineralization found in some 

tundra sites (Buckeridge and Grogan 2008; DeMarco et al. 2011) but not in others (Myers-Smith 

and Hik 2013). Larger pools of available N in the form of NH4+and NO3- have been found in
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RTS relative to undisturbed tundra in Canada (Lantz et. al 2009) and Alaska (Huebner and Bret- 

Harte 2019). It is likely that if RTS depressions can trap deeper snow than open tundra early in 

winter, this might influence N mineralization by warming winter ground temperatures early on.

June mean temperatures showed a significant positive growth relationship for most of the 

shrubs we sampled, but we found little evidence for a greater sensitivity to June mean 

temperature in shrubs growing in RTS. At one site, climate sensitivity was higher in one of the 

RTS but not across all RTS for all species; while at the other site, climate sensitivity was higher 

in the undisturbed control for one species but similar between RTS and control for the other 

species. These mixed results suggest that although most shrubs did show climate sensitivity, 

interactions with local factors were equally important. Heterogeneity in plant response has been 

observed in terrain formed by melting ground ice, suggesting the importance of microhabitats in 

these disturbed sites (Lantz et al. 2009; Becker et al. 2016).

With the exception of the dwarf birch population at the NE14 chronosequence, which 

showed a statistically insignificant relationship to second-order June mean temperature, the 

uniformity of the second-order June mean temperature relationships to decelerating shrub 

growth, for most shrubs suggests to us that, regardless of disturbance, most of these sites may be 

moisture limited part of the time, if Ackerman et al. (2017, 2018) are correct in interpreting the 

second-order temperature signal of willows in the Toolik Lake area as moisture sensitivity 

according to the soil moisture hypothesis (sensu Myers-Smith et al. 2015). In particularly warm 

summers without sufficient moisture, growth under this hypothesis is expected to be marginal, 

indicative of drought stress, and our results agree with previous studies in this area, in which 

over 19,000 growth rings were measured (Ackerman et al. 2017, 2018). This is a reasonable 

expectation, given low mean annual precipitation rates recorded in this area over the past three 

decades (Environmental Data Center Team 2016).

4.5 Conclusions

Our study revealed that RTS, which create large areas of denuded tundra through mass soil 

wasting followed by one to several decades of increased plant recruitment and growth, may alter 

or enhance climate effects on deciduous shrub secondary growth in the Alaskan Low Arctic. In 

our study area, RTS appeared to exert strong controls on shrub growth and generally featured
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larger shrubs with wider growth rings. RTS, which form at the base of a cliff or headwall and are 

thus more collapsed than open tundra, may protect shrubs from severe winter temperatures early 

in the season through increased accumulation of September snowfall, which may lead to better 

growth the following year. This may be important as the tundra warms, as most shrubs at these 

sites showed decelerating growth with increasing early summer temperatures suggesting 

moisture limitation. These sites may be moisture limited at some time, but shrub growth in RTS 

overall suggests these disturbances support large colonies of tall deciduous shrubs, and may be 

hotspots of tundra greening and carbon sequestration. It is still unknown, however, to what 

extent RTS-shrub interactions affect tundra shrub expansion and associated questions of carbon 

cycling and permafrost thaw. Our results are likely to be useful for ongoing studies of tundra 

succession, biogeochemical cycling, and permafrost resilience.
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4.10 Figures and Tables

Figure 4.1 Conceptual diagram

Conceptual diagram of hypothesized direct and indirect climate warming effects on secondary 
growth of deciduous shrubs on Alaska's North Slope. a) Increasing retrogressive thaw slump 
(RTS) disturbances in the study area are associated with climate warming. Shrub ring widths may 
be positively associated with climate warming directly, and also indirectly, due to enhanced habitat 
conditions (space, light, nutrients) in RTS than in undisturbed tundra. If the latter is true, shrub 
ring widths in a warming climate will show b) the same direction of slope, but the RTS slope will 
be higher due to the production of wider rings in shrubs growing within the RTS sites.
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Figure 4.2 Sites and sampling scheme 

a) Location of two retrogressive thaw slump (RTS) chronosequences sampled on Alaska's North 
Slope at two lakes: b) NE14 and c) I-minus 1 (Map source: Google Earth, Toolik Field Station 
GIS). RTS time since disturbance categories: Y = young (≤ 1 decade), M = middle-aged (> 1 to < 
3 decades), O = old (≥ 3 decades), C = undisturbed control in moist acidic tussock (MAT) tundra. 
d) scheme of shrub sampling design: willow and dwarf birch shrub ramets (i.e., rooted branches) 
were randomly sampled along 1 x 50 m transects (1 transect per RTS age category at each site, i.e., 
seven transects), set along slopes. Dwarf birch (Betula nana) ramets were found only at NE14 ‘O' 
and ‘C', and I-minus 1 ‘M' and ‘C' plots.
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Figure 4.3 Cross sectional view

Cross sectional view on a single radius of shrub growth rings from retrogressive thaw slumps, 
RTS (b, d), versus control sites (a, c), i.e., undisturbed moist acidic tussock (MAT) tundra (North 
Slope, Alaska): a) willow (Salix spp.) from undisturbed MAT; b) willow from a middle-aged RTS 
(> 1 to < 3 decades since disturbance); c) dwarf birch (Betula nana) from undisturbed MAT; d) 
dwarf birch from an old RTS ( ≥ 3 decades since disturbance). For each example the pith is 
presented on the bottom of the image. The wider juvenile rings formed in the first 1-5 years were 
excluded from linear regression analysis.
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Figure 4.4 Mean shrub age estimates

Mean shrub age estimates by RTS age category in separate analysis for each species at two North 
Slope, Alaska lakes: a) NE14 and b) I-minus 1. Black: dwarf birch (Betula nana); gray: willow 
(Salix spp.). Age estimates determined by dendrochronological methods (Schweingruber and 
Poschlod 2005). Lake shores were disturbed by retrogressive thaw slumps (RTS) of different ages, 
classified as in Figure 4.2. Error bars show standard error of the mean. Levels not connected by 
the same letter within each group indicate the mean is statistically significant (P < 0.05) in Tukey's 
post-hoc test of one-way ANOVA.
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Figure 4.5 Mean shrub ring widths

Mean a) willow and b) dwarf birch raw ring widths (with 5 innermost rings removed; separate 
analysis for each species at each site) at two RTS chronosequence sites, North Slope, Alaska: I- 
minus 1 (light grey bars) and NE14 (dark grey bars). RTS disturbance categories are classified as 
in Figure 4.2. Error bars show standard error of the mean. Levels not connected by the same letter 
indicate the mean is statistically significant (P < 0.05) in Tukey's post-hoc test of one-way 
ANOVA.

99



Figure 4.6 Standardized shrub chronologies

Standardized shrub chronologies (RWI - ring width index) for in a) seven willows (Salix pulchra, 
Salix glauca) and b) four dwarf birch (Betula nana) habitats located in RTS and undisturbed 
control sites in North Slope Alaska. ‘Mid', ‘Old', ‘Young' and ‘Undisturbed' refer to retrogressive 
thaw slump (RTS) age categories described in Figure 4.2. ‘1' and ‘2' refer to sites I-minus 1 and 
NE14, respectively. Line color on each chronology indicates relationships to June mean 
temperature (JUN T in legend); line thickness indicates relationships to total September 
precipitation (SEPT P in legend) in the previous year of growth. r values represent correlation 
coefficients computed between each chronology and previously described temperature and 
precipitation variables (1989 - 2013). Significance of relationships to climate variables determined 
by analysis in R treeclim package (R Program for Statistical computing 2019): Statistical 
significance at P < 0.01 **, P < 0.05 * and P < 0.1 . .
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Figure 4.7 Linear regression plots

Linear regression of current year June mean temperature (JUN T, left column) and previous year 
September precipitation (SEPT precip, right column) on willow (a-d) and dwarf birch (e-h) mean 
ring widths (raw widths, log-transformed, with five innermost rings removed) at two North Slope, 
Alaska lake sites (I-minus 1, NE14). ‘RTS' refers to sites disturbed by retrogressive thaw slumps 
(RTS) of different time since disturbance. For RTS disturbance age categories see Figure 4.2; for 
line of fit by RTS age category, see Figure S4.2. MAT - undisturbed moist acidic tussock tundra. 
Solid lines show linear goodness-of-fit, dotted lines show polynomial (quadratic) goodness-of-fit 
of June temperature. Shaded areas show confidence intervals ( , = 0.05) of for first-order 
precipitation and second-order temperature. Statistical significance at P < 0.0001 ***, P < 0.01 **, 
P < 0.05 *, P < 0.1 . and P > 0.1 = NS (not significant).
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Figure 4.8 Ring width by ramet age

Relationship between mean ring widths (raw, with 5 innermost rings removed) and shrub ramet 
age of a) willows and b) dwarf birch sampled in two retrogressive thaw slump (RTS) 
chronosequences, North Slope, Alaska: Lake I-minus 1 (brown) and Lake NE14 (green). R2 values 
show proportion of variance explained by each model. Statistical significance at P < 0.0001 ***, 
P < 0.01 ** and P < 0.05.
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Figure S4.1 A Climate-growth correlation plots (willow)

Plots (using R treeclim package) show relationships of willow ring widths to (left) mean 
temperature °C and (right) mean precipitation (mm, 24-hour cumulative averages) from May
September. Bold whiskers show significant correlations ( , = 0.05). Monthly averages were 
compiled from Toolik Field Station weather data from 1989-2013. Raw ring widths were 
detrended with a 2/3 length cubic smoothing spline after Bunn (2008). Lower case letters show 
months in the year previous to ring growth, capital letters show current year's growth. Sites 
represent two lakes (I-minus 1, NE14) in the Alaskan Low Arctic disturbed by retrogressive thaw 
slumps (RTS) of different time since disturbance. RTS categories are classified as in Figure 4.2.
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Figure S4.1 B Climate-growth correlation plots (dwarf birch)

Plots (using R treeclim package) show relationships of dwarf birch ring widths to (left) mean 
temperature °C and (right) mean precipitation (mm, 24-hour cumulative averages) from May
September. Bold whiskers show significant correlations (, = 0.05). Monthly averages were 
compiled from Toolik Field Station weather data from 1989-2013. Raw ring widths were 
detrended with a 2/3 length cubic smoothing spline after Bunn (2008). Lower case letters show 
months in the year previous to ring growth, capital letters show current year's growth. Sites 
represent two lakes (I-minus 1, NE14) in the Alaskan Low Arctic disturbed by retrogressive thaw 
slumps (RTS) of different time since disturbance. RTS categories are classified as in Figure 4.2.
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Figure S4.1 Linear regression plots of willows (detailed)

Detailed plots derived from Figures 4.7a-d of current year June mean temperature (JUN T, left 
column) and previous year September precipitation (SEP precip, right column) on willow 
mean ring widths (raw widths, log-transformed) at a, c): NE14 and b, d): I-minus 1 on Alaska's 
North Slope. Sites are disturbed by retrogressive thaw slumps (RTS) of different age 
categories. For RTS disturbance age categories see Figure 4.2. MAT - undisturbed moist acidic 
tussock tundra. Solid lines show linear goodness-of-fit, dotted lines show polynomial 
(quadratic) goodness-of-fit of June temperature. Shaded areas show confidence intervals (, = 
0.05) of for first-order precipitation and second-order temperature. Statistical significance at P 
< 0.0001 ***, P < 0.01 **, P < 0.05 * and P > 0.1= NS (not significant).

105



Figure S4.2 September snow, Toolik Field Station

Snowfall on September 26, 2019 at Toolik Field Station, North Slope, Alaska, facing South. 
Lake I-minus 1 is approximately 6 km South, and Lake NE14 is approximately 5 km North of 
the field station. (Image courtesy of Toolik Field Station Environmental Data Center).
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Table 4.1 Chronology statistics

Chronology statistics of willow and dwarf birch (6 shrubs per species) at two RTS chronosequence lake 
sites on Alaska's North Slope (I-minus 1, NE14). RTS categories (time since disturbance): Young (≤ 1 
decade), Mid (> 1 to < 3 decades), Old (≥ 3 decades), and undisturbed MAT (moist acidic tussock) 
tundra (control condition). Standard error of the mean is shown in parentheses. EPS is the expressed 
population signal, ȓ is the mean series intercorrelation, MS is mean sensitivity, 1r is first-order 
autocorrelation, snr is signal-to-noise ratio.

Site/RTS/Species Mean age
years

Mean ring 
width &m

EPS ȓ MS 1r snr

I-minus 1
RTS Mid

dwarf birch 26.00 (2.67) .136 (.006) 0.85 .492 .524 .031 5.811
willow 35.67 (2.11) .171 (.006) 0.85 .481 .418 .003 5.561

RTS Old 
willow 26.50 (2.10) .095 (.007) 0.82 .439 .457 -.015 4.695

Undisturbed MAT 
dwarf birch 33.83 (2.67) .051 (.005) 0.83 .451 .574 .010 4.929
willow 32.67 (2.11) .062 (.006) 0.83 .444 .461 .024 4.791

NE14
RTS Young 

willow 8.83 (2.45) .353 (.020) 0.94 .712 .464 -.273 14.833
RTS Mid 

willow 34.33 (2.45) .135 (.009) 0.87 .485 .464 .008 5.650
RTS Old 

dwarf birch 33.67 (2.28) .100 (.004) 0.87 .518 .424 -.024 6.448
willow 27.33 (2.45) .120 (.010) 0.81 .419 .401 .022 4.327

Undisturbed MAT 
dwarf birch 31.67 (2.28) .075 (.004) 0.88 .540 .457 .015 7.043
willow 26.83 (2.45) .089 (.010) 0.87 .533 .344 -0.15 6.848
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Table 4.2 Linear mixed effects models (NE14)

Linear mixed effects model parameter estimates for the best full and reduced models for raw growth ring widths 
($m, log transformed) of willows (Salix pulchra, Salix glauca) and dwarf birch (Betula nana) sampled at a 
retrogressive thaw slump (RTS) chronosequence at Lake NE14, North Slope, Alaska. Effects of climate parameters 
and ramet (rooted branch) age on growth ring widths were compared across four RTS age categories: Young (≤ 1 
decade), Mid (> 1 to < 3 decades), Old (≥ 3 decades), and undisturbed MAT (moist acidic tussock) tundra (control 
condition). Fixed effects include RTS age category, air temperature (T) in °C, total monthly precipitation (24-hr 
average, mm), ramet age in years, and two-way interactions between climate parameters and RTS age categories. 
June T2 is second-order June temperature. Individual shrub is the random effect. AICc and BIC values indicate 
goodness-of-fit of best models. P values in bold are statistically significant at p < 0.05. P values with an asterisk (*) 
are marginally significant at P < 0.1.

Species: Willow
(Salix pulchra, Salix glauca)

Reduced model

AICc = 902, BIC = 011

Full model

AICc = 904, BIC = 1025
Parameter Estimate Std. error p-value Estimate Std. error p-value
Intercept 4.058 0.318 <.0001 4.067 0.349 <.0001
RTS Mid -0.003 0.167 0.984 -0.056 0.160 0.734
RTS Old -0.405 0.167 0.031 -0.370 0.161 0.038
Undisturbed MAT -0.384 0.167 0.039 -0.512 0.161 0.039
June T 0.146 0.035 0.001 0.143 0.039 0.002
June T * RTS Mid 0.109 0.036 0.008 0.176 0.054 0.004
June T * RTS Old 0.042 0.037 0.270 0.000 0.054 0.990
June T * Undisturbed MAT -0.140 0.039 0.049 -0.103 0.056 0.080*
Prev Sept precipitation -0.045 0.032 0.185 -0.045 0.032 0.182
Prev Sept precip * RTS Mid 0.142 0.045 0.007 0.154 0.043 0.003
Prev Sept precip * RTS Old 0.189 0.046 0.001 0.182 0.045 0.001
Prev Sept precip * Undisturbed MAT 0.036 0.050 0.484 0.032 0.049 0.525
June T2 -0.077 0.017 0.001 -0.075 0.021 0.003
June T2 * RTS Mid NA NA NA -0.045 0.029 0.127
June T2 * RTS Old NA NA NA 0.029 0.029 0.337
June T2 * Undisturbed MAT NA NA NA 0.015 0.030 0.627
Ramet age -0.018 0.007 0.010 -0.017 0.007 0.011
Ramet age * RTS Mid -0.012 0.009 0.190 -0.013 0.009 0.149
Ramet age * RTS Old -0.039 0.010 <.0001 -0.038 0.010 <.0001
Ramet age * Undisturbed MAT -0.007 0.010 0.513 -0.006 0.010 0.528

Species: Dwarf birch 
(Betula nana)

Reduced model
AICc = 773, BIC = 842 AICc

Full model
= 774, BIC == 868

Parameter Estimate Std. error p-value Estimate Std. error p-value
Intercept 6.233 0.377 <.0001 6.228 0.403 <.0001
RTS Old 0.364 0.107 0.012 0.348 0.096 0.012
June T 0.102 0.027 0.001 0.099 0.028 0.002
June T * RTS Old -0.067 0.020 0.013 -0.094 0.028 0.003
July T -0.083 0.027 0.008 -0.096 0.033 0.012
July T * RTS Old 0.082 0.024 0.007 0.103 0.033 0.008
Prev Sept precip -0.005 0.042 0.914 0.024 0.037 0.537
Prev Sept precip*RTS Old -0.175 0.041 0.002 -0.158 0.037 0.009
June T2 NA NA NA 0.026 0.019 0.193
June T2 * RTS Old NA NA NA -0.003 0.019 0.887
Ramet age -0.101 0.010 <.0001 -0.099 0.010 <.0001
Ramet age * RTS Old NA NA NA 0.014 0.010 0.169
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Table 4.3 Linear mixed effects models (I-minus 1)

Linear mixed effects model parameter estimates for the best full and reduced models for raw growth ring widths $m, 
log transformed) of willows (Salix pulchra, Salix glauca) and dwarf birch (Betula nana) sampled at a retrogressive 
thaw slump (RTS) chronosequence at Lake I-minus 1, North Slope, Alaska. Effects of climate parameters and ramet 
ages on growth ring widths were compared across three RTS age categories: Mid (<1 to < 3 decades since 
disturbance), Old (≥ 3 decades since disturbance), and undisturbed MAT (moist acidic tussock) tundra (control 
condition). Fixed effects include RTS age category, air temperature (T) in °C, total monthly precipitation (24-hr 
average, mm), ramet age in years, and their interactions. June T2 is second-order June temperature. Individual shrub 
is the random effect. AICc and BIC values indicate goodness-of-fit of best models. P values in bold are statistically 
significant at P < 0.05. P values with an asterisk (*) are marginally significant at P < 0.1.

Species: Willow
(Salix pulchra, Salix glauca)

Reduced model
AICc = 943, BIC = 1028

Full model
AICc = 951, BIC = 1051

Parameter Estimate Std. error p-value Estimate Std. error p-value
Intercept 3.461 0.354 <.0001 3.448 0.361 <.0001
RTS Mid 0.542 0.140 0.002 0.573 0.131 0.001
RTS Old -0.065 0.141 0.654 -0.116 0.135 0.404
June T 0.122 0.045 0.014 0.126 0.045 0.014
June T * RTS Mid -0.167 0.058 0.011 -0.186 0.063 0.010
June T * RTS Old 0.062 0.059 0.311 0.096 0.065 0.160
Prev Sept precipitation 0.213 0.052 0.001 0.207 0.052 0.001
Prev Sept precip * RTS Mid 0.179 0.073 0.028 0.179 0.071 0.024
Prev Sept precip * RTS Old -0.155 0.076 0.058* -0.167 0.075 0.040
June T2 -0.058 0.012 0.004 -0.061 0.019 0.006
June T2 * RTS Mid NA NA NA 0.014 0.026 0.608
June T2 * RTS Old NA NA NA -0.020 0.027 0.470
Ramet age -0.014 0.006 0.011 -0.016 0.006 0.007
Ramet age * RTS Mid NA NA NA -0.003 0.008 0.719
Ramet age * RTS Old NA NA NA -0.010 0.009 0.281

Species: Dwarf birch 
(Betula nana)

Reduced model
AICc = 677, BIC = 755 AICc

Full model 
= 683, BIC = 773

Parameter Estimate Std. error p-value Estimate Std. error p-value
Intercept 2.813 0.586 <.001 2.718 0.580 0.001
RTS Mid 0.307 0.117 0.046 0.365 0.115 0.010
June T 0.163 0.070 0.042 0.167 0.073 0.044
June T * RTS Mid NA NA NA 0.008 0.073 0.918
July T 0.082 0.040 0.065* 0.087 0.041 0.059*
July T * RTS Mid NA NA NA -0.024 0.041 0.562
Prev Sept precip 0.013 0.057 0.826 -0.006 0.066 0.930
Prev Sept precip * RTS Mid 0.179 0.066 0.032 0.139 0.066 0.075*
June T2 -0.098 0.038 0.027 -0.099 0.036 0.022
June T2 * RTS Mid NA NA NA 0.035 0.036 0.360
Ramet age -0.046 0.011 <.001 -0.048 0.011 <.0001
Ramet age * RTS Mid NA NA NA -0.021 0.011 0.055*
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Table S4.1 Variable importance table (willows at NE14)

Variable importance of fixed effects of linear mixed effects models on secondary growth ring 
widths (log-transformed) of willows at Lake NE14, North Slope, Alaska. Indices of Variable 
importance are reported as the proportion of variance of each fixed variable (independent resampled 
inputs) over all parameters used in the fitted model, after Saltelli (2002).

Table S4.2 Variable importance table (willows at I-minus 1)

Variable importance of fixed effects of linear mixed effects models on secondary growth ring 
widths (log-transformed) of willows at Lake I-minus 1, North Slope, Alaska. Indices of Variable 
importance are reported as the proportion variance of each fixed variable (independent resampled 
inputs) over all parameters used in the fitted model, after Saltelli (2002).
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Table S4.3 Variable importance table (dwarf birch at I-minus1)

Variable importance of fixed effects of linear mixed effects models on secondary growth ring 
widths (log-transformed) of dwarf birch at Lake I-minus 1, North Slope, Alaska. Indices of 
Variable importance are reported as the proportion of variance of each fixed variable (independent 
resampled inputs) over all parameters used in the fitted model, after Saltelli (2002).

Table S4.4 Variable importance table (dwarf birch at NE14)

Variable importance of fixed effects of linear mixed effects models on secondary growth ring 
widths (log-transformed) of dwarf birch at Lake NE14, North Slope, Alaska. Indices of Variable 
importance are reported as the proportion of variance of each variable (independent resampled 
inputs) over all parameters used in the fitted model, after Saltelli (2002).
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Chapter 5 General Conclusion

The results presented in this dissertation reveals important insights into how tundra plants in 

the Toolik Lake area have responded following large and severe permafrost thaw disturbance. 

First, seedling recruitment appears to be higher in RTS than in undisturbed tundra, and highest 

within the first decade following disturbance, a result that is consistent with recruitment 

following large and severe fires in the Alaskan Low Arctic (Bret-Harte et al. 2013) and at lower 

latitudes (Johnstone et al. 2004; Romme et al. 2005). Our seed decay results further suggest that 

seedling recruitment is especially important for species such as willow and dwarf birch to 

maintain genetic diversity, because these species do not appear to produce long-lived seed that 

can preserve genetic resources in soil seedbanks.

This last point is borne out in our second important finding on the genetic diversity of 

willows in RTS a few decades after disturbance. Although RTS supported higher willow species 

richness and somewhat wider dispersal of clonal propagules than undisturbed tundra, disturbance 

had no effect on the genetic diversity or clonal growth of willow populations. Heterozygosity 

was equally high across all willow species we sampled, and clonal growth was low. This 

suggests to us that genetic diversity conferred by seedling recruitment is especially important in 

an environment where recruitment and clonal growth are typically low. In such an environment, 

species that produce short-lived seed likely depend more upon recruitment opportunities than on 

clonal spreading to maintain populations. Our results further suggest that shrub expansion in a 

warming Arctic may be affected by differences in the number of seeds versus clonal propagules 

that are dispersed across the landscape.

Third, we found that the summer climate signal present in the secondary growth rings of 

most shrubs we sampled was not amplified in the rings of shrubs growing in RTS, likely because 

of stronger microsite controls on shrub growth that are less apparent in undisturbed tundra. 

Conditions we found to be characteristic of RTS (i.e. warmer, nutrient-rich soils) may affect 

growth response more than the climate signal, leading to wider stems supporting greater shrub 

biomass in RTS than in undisturbed tundra. These results agree with our initial site 

characterization of environmental conditions, in that the RTS we sampled featured higher levels 

of available nitrogen and warmer soils than undisturbed tundra, and these differences likely 

enhance shrub growth.
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Lastly, the unexpected and interesting association we found between wider growth rings in 

RTS shrubs with increased precipitation in the previous September suggests that early snowfall 

accumulations in RTS depressions may have important effects on shrub growth the following 

season, by potentially providing early protection from winds and temperature extremes and by 

buffering ground temperatures at the onset of winter. These results agree with previous studies 

on the positive effects of deeper snow on shrub growth (McFadden et al. 2001; Myers-Smith et 
al. 2013; Addis and Bret-Harte 2019).

In conclusion, our results suggest that RTS on Alaska's North Slope facilitate increased 

plant recruitment and growth that may in part explain shrub expansion in the Low Arctic. If RTS 

disturbances continue to increase in frequency, they may become increasingly important sources 

of Arctic greening.
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