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Summary

In the rapidly warming tundra biome, plant traits provide an essential link between ongoing
vegetation change and feedbacks to key ecosystem functions. However, only recently have
comprehensive trait data been compiled for tundra species and sites, allowing us to assess
key elements of functional responses to global change. In this review, we summarize trait-
based research in tundra ecosystems, with a focus on three components: plant trait variation
and how it compares with global patterns; shifts in community-level traits in response to
environmental change; and the use of traits to understand and predict ecosystem function.
Quantifying patterns and trends in plant traits will allow us to better project the
consequences of environmental change for the ecology and functioning of tundra
ecosystems.

Keywords: climate, decomposition, ecosystem function, environmental filtering, plant

functional trait, trait variation, tundra, vegetation change

I. Introduction

Traits, the measurable properties of living organisms describing structure and function, can
be used to understand and quantify community change (Reich, 2014). Trait-based ecology
asserts that the properties and functioning of any ecosystem can be related to the
phenotypic traits of its resident species (McGill et al., 2006). This ‘traits manifesto’ (Reich,
2014) has seen a dramatic rise in popularity in recent years improving our understanding of
community assembly (Siefert et al., 2015) and ecosystem responses to warming
(Soudzilovskaia et al., 2013). However, progress is hampered by fundamental unknowns
regarding the nature of trait variation and physiological trade-offs (Siefert et al., 2015; Diaz
et al., 2016; Shipley et al., 2016), by issues of prediction across scales (Messier et al.,
2017), and by uneven data coverage among traits, species, and ecosystems (lversen et al.,
2015; Jetz et al., 2016; Bjorkman et al., 2018). For trait-based ecology to reach its full
potential, trait-function relationships must be tested across the world’s biomes, including in

our planet’'s most extreme environments.

The Arctic is warming at twice the global average rate (IPCC, 2014) and alpine ecosystems
are experiencing dramatic changes in snow regimes and glacial melt (Ernakovich et al.,
2014). Warming has been linked to widespread tundra vegetation change, including an

increase in shrub and graminoid abundance and a decline in bare ground (Myers-Smith et
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al., 2011; Elmendorf et al., 2012b; Pearson et al., 2013). The traits of tundra plants, including
maximum height, specific leaf area (SLA) and leaf dry matter content (LDMC), may also be
responding to the changing growing conditions (Sundgvist et al., 2011; Hudson et al., 2011;
Baruah et al., 2017; Bjorkman et al., 2018). Such vegetation and trait changes can alter
ecosystem functions such as nutrient cycling, decomposition rates, and albedo, with
potential feedbacks to soil carbon storage and the global carbon cycle (Sturm, 2005;
Cornelissen et al., 2007).

Trait-based approaches could allow for better quantification of the impacts of global change
on ecosystem functions and resulting climate feedbacks. Tundra trait-based ecology is
especially critical as tundra ecosystems represent some of the most rapidly changing places
on the planet. However, until recently, the temperature-limited plant communities found
above treeline in Arctic and alpine tundra regions have been underrepresented in global
trait-based databases and analyses (Kattge et al., 2011; Bjorkman et al., 2018). Despite
rapid ecological change, the tundra has featured in less than 3% of plant trait research in the
last decade (August 2018 web of science search for ‘plant functional trait’ OR ‘plant trait’ and
‘plant functional trait’ OR ‘plant trait’ AND 'tundra’ OR ‘Arctic’ OR ‘Alpine’ from 2008 to 2018
in the fields of ‘ecology’ or ‘plant sciences’) and comprises less than 5% of data in TRY, the
largest available database of plant traits (Moles et al., 2009; Kattge et al., 2011; Bjorkman et
al., 2018). However, recent data collection is beginning to fill this ‘trait data gap’ (Figure 1,
(Bjorkman et al., 2018), enabling large-scale trait-based syntheses that provide new insights
into ecological change and the resultant feedbacks to ecosystem process in the northern
and high elevation regions of the planet (Prevéy et al., 2017; Steinbauer et al., 2018;
Bjorkman et al., 2018).

Il. The global context of tundra trait variation

The tundra provides an ideal ‘natural laboratory’ in which to test many fundamental
guestions of trait-based ecology. It is in the tundra biome, where many plant communities
have relatively low species richness (Jetz et al., 2016; Bjorkman et al., 2018) , that near-
total trait coverage can be achieved in community-level analyses. By capturing traits for all
component species in tundra plant communities, fundamental questions about the roles of
immigrant, locally extinct, common and rare species to changes in ecosystem functions can
be estimated in a way that is not possible in other of the world’s ecosystems. Extreme
environmental conditions and large species ranges allow for tests of our current
understanding of environmental filtering (Shipley et al., 2016), trait-trait relationships (Diaz et
al., 2016), and sources of trait variation (Siefert et al., 2015). Tundra trait distributions are

thought to be largely determined by climatic conditions and are associated with small plant
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size and conservative economic strategies (Molau, 1993). However, short growing seasons
also drive high relative growth rates (Chapin, 1987) and leaf nitrogen concentrations
(Kdrner, 1989). Consequently, it is unclear whether environment filters tundra trait
distributions to the same extent as in other biomes within multivariate trait space, particularly
for traits associated with resource economics (Figure 2). Tundra plants may thus exhibit

unique trait relationships resulting from adaptation to extreme environmental conditions.

Functional groups alone do not capture tundra trait variation

Large geographical ranges of tundra species and convergence in trait expression in the
tundra could also challenge the assumption that the majority of trait variation occurs among
species or functional groups (Diaz et al., 2016; Shipley et al., 2016); Figure 2). Much of our
existing understanding of vegetation change in the tundra biome has been assessed at the
functional group level (Henry & Molau, 1997; Elmendorf et al., 2012a,b). However, traditional
tundra functional groups (e.g., deciduous and evergreen shrubs, graminoids and forbs) do
not explain the majority of trait variation in the most commonly measured traits (Thomas et
al., in press). Intraspecific trait variation has also been demonstrated to mediate community
assembly (Kichenin et al., 2013) and warming responses in the tundra (Baruah et al., 2017).
Furthermore, genetic differentiation and local adaptation in leaf and phenological traits is
evident in several widespread tundra species (Bjorkman et al., 2017). High within-species
variation may reduce the ability of species or functional group approaches to improve our
understanding of plant community responses to environmental change (Saccone et al.,
2017; Anderegg et al., 2018).

lll. The current state of knowledge on trait change in the tundra biome

Predicting the consequences of climate change for tundra plant traits requires a mechanistic
understanding of the drivers of trait variation across scales. Much of what we know about the
causes of trait variation globally relies on correlational relationships between traits and
environmental variables (e.g., temperature) over space (Moles et al., 2009; Asner et al.,
2016). Space-for-time substitution can thus inform projections of trait shifts over time as the
environment changes. In the tundra, many community-level traits, including maximum
height, specific leaf area (SLA) and leaf dry matter content (LDMC), vary significantly with
temperature over large spatial scales (Figure 3). However, water availability frequently
influences the strength (SLA, LDMC) and even the direction (leaf nitrogen, leaf area) of

these temperature-trait relationships (Bjorkman et al., 2018).
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Strong temperature-trait relationships do not predict change over time for all tundra traits
Strong temperature-trait relationships across space suggest that climate warming may alter
traits (Figure 3). However, spatial gradients do not necessarily align with change over time,
particularly where barriers to migration or other time lags may limit community response to
change (Elmendorf et al., 2015). Increases in community or individual plant height have
been widely documented at individual tundra sites (Hudson et al., 2011; Myers-Smith et al.,
2011; Baruah et al., 2017), linked to experimental warming (Hudson et al., 2011; Elmendorf
et al., 2012a), higher summer temperatures (Elmendorf et al., 2012b), increasing nutrient
availability (Zamin & Grogan, 2012), and altered snow depth (Wahren et al., 2005). Warming
and earlier snowmelt are also associated with larger leaves, greater reproductive effort, and
in some cases with earlier plant phenology (Arft et al., 1999). However, a synthesis of trait
change across more than 100 tundra sites indicates that only community canopy height has
changed consistently over the past three decades (Bjorkman et al., 2018). This increase in
height was primarily due to the immigration of taller species into existing communities from
either the local species pool or more distant plant communities, and was correlated with

changes in temperature over the same period.

IV. The links between traits and ecosystem functions

A major challenge for plant ecologists is understanding how observed and predicted
vegetation changes are likely to influence ecosystem functioning. In tundra ecosystems,
mechanistic links between functional traits and ecosystem function offer opportunities to
understand the impacts of vegetation change and to quantify climate change feedbacks
(Figure 4). Albedo (surface reflectance) and energy balance are associated with
morphological traits, including canopy height and leaf area (Sturm, 2005; Blok et al., 2010).
For example, the lower albedo of shrub canopies may enhance warming (Sturm, 2005),
particularly in spring when stems protrude from the snowpack (Bonfils et al., 2012). Taller
and denser canopies trap snow in winter, increasing soil temperatures by 3-10°C (Chapin et
al., 2005), but also increase shade in summer, protecting permafrost soils (Blok et al., 2010).
Phenological and reproductive traits determine trophic interactions and thus have potentially
far-reaching impacts within tundra ecosystems (Cleland et al., 2012; Oberbauer et al., 2013;
Prevéy et al., 2017).

Trait change could feedback to either increase or decrease tundra carbon storage

Trait change could form an important feedback to global biogeochemical cycling through
alterations to the high latitude carbon pool, which comprises 28 — 38% of global soil
(Hugelius et al., 2013). Leaf traits exert strong controls over litter decomposition in the

tundra, outweighing among-site differences (Sundqvist et al., 2011), experimental warming
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(Hobbie, 1996), and snow depth (Baptist et al., 2010). Litter quality also affects
decomposition of older carbon by stimulating microbial communities (Kuzyakov et al., 2000),
and determines rates of biogeochemical cycling (Reich, 2014). Trait change may thus
decrease (Cornelissen et al., 2007) or increase litter decomposition, nutrient cycling and
carbon storage (Hobbie, 2015), though the size and direction of this effect remains unknown.
Below ground traits such as rooting depth (Iversen et al., 2015) and the phenology of root
growth (Blume-Werry et al., 2016) could shift under warming climates with thawing
permafrost soils, thus altering above-below ground plant allocation and carbon storage.

Above-below ground tundra biomass allocation could differ due to freeze-thaw dynamics
Finally, ecosystem carbon balance depends on trade-offs between decomposition and
carbon uptake in biomass (Sistla et al., 2013). Carbon storage in plant biomass will likely
increase (Weintraub & Schimel, 2005) as a result of relationships between temperature and
traits associated with high productivity (ElImendorf et al., 2015; Steinbauer et al., 2018;
Bjorkman et al., 2018), longer growing seasons (Oberbauer et al., 2013), increased plant
size (Hudson et al., 2011) and woodiness (Hobbie, 1996; Myers-Smith et al., 2011; Pearson
et al., 2013). However, increased carbon uptake above ground may be offset by below-
ground losses (Sistla et al., 2013; though see Lafleur & Humphreys, 2018). Quantifying
tundra ecosystem carbon balance thus requires an improved understanding of below-ground
traits such as root biomass and mycorrhizal association, which remain particularly

challenging to measure in permafrost soils (lversen et al., 2015).

V. Future priorities for tundra trait research

Most evidence for changes in tundra plant traits thus far comes a small number of
particularly well-monitored locations (Figure 1). Substantial variation in vegetation change at
landscape and regional scales (EImendorf et al., 2012a,b; Guay et al., 2014; Bjorkman et al.,
2018) suggests that data collection beyond the most intensively monitored sites is a future
research priority. Furthermore, current studies of plant trait change focus entirely on above-
ground traits. With up to 90% of tundra biomass located below ground, we require new data
collection to quantify how below-ground traits are changing across the tundra biome (lversen
et al., 2015). Thus, future research priorities include quantifying the diversity of trait
responses above and below ground, across the landscape and across trophic levels, and
linking this change directly to key ecosystem functions (Bardgett et al., 2013; Gauthier et al.,
2013).
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Conclusions

Recent evidence indicates that ecological change in the tundra can be confidently attributed
to climate warming (EImendorf et al., 2012b; IPCC, 2014; Elmendorf et al., 2015; Myers-
Smith et al., 2015; Prevéy et al., 2017), yet the mechanisms and trajectories of community
and trait change are complex (Bjorkman et al., 2018). Trait-based ecology can inform our
understanding of tundra functional change in ways that vegetation monitoring of species
composition and coarse-resolution remote sensing of above-ground biomass alone cannot
(Jetz et al., 2016). Tundra plant trait analyses indicate that traits such as plant height are
increasing rapidly (Elmendorf et al., 2012b; Bjorkman et al., 2018), yet others such as leaf
traits have not undergone change at the community-level despite varying strongly across
biogeographic gradients (Bjorkman et al., 2018).

The substantially different rates of change among traits can inform our predictions of which
functional changes will be particularly rapid with future warming. Functions associated with
plant height, such as albedo, are likely to change more rapidly than feedbacks involving
changes in litter decomposability and soil nutrient processing due to the rates of change
observed for these different community-level traits (Bjorkman et al., 2018). However, most
trait-based research has so far focused on the above-ground component of tundra
ecosystems, limiting our understanding of below-ground trait responses to global change
(Iversen et al., 2015). Incorporating current and future tundra trait research into Earth system
models (Wullschleger et al., 2014; Fisher Rosie A. et al., 2017; Butler et al., 2017), will allow
plant functional traits to fulfil their promise of improving our understanding of community
responses and feedbacks to ongoing global change, a particularly urgent need in the rapidly

warming tundra biome.
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Fig. 1 Map of currently available georeferenced trait data for tundra ecosystems above
40°N. Observations represent a combination of data from the TRY database
(https:/lwww.try-db.org/; 22066 observations) and newly available data from the Tundra Trait
Team database (https://tundratraitteam.github.io/; 82203 observations). TRY trait data were
filtered to include only likely tundra (Arctic or alpine) habitats. We first extracted all points
above 65°N (Arctic tundra), then those points between 60 and 65°N that occurred above
1000 m in elevation, then those points between 55 and 60 °N that occurred above 1500 m in
elevation, and finally points south of 55 °N that occurred above 2500 m in elevation. Circle

colours represent the kind of trait (leaf, structural, chemical, rooting depth and root : shoot
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ratios) while the size of the circle represents the relative number of observations in that

location.

Fig. 2 Hypothesized location of tundra trait space within global trait space, and possible
sources of trait variation. Global trait space is conceptualized as a ‘galactic plane’ defined by
two major axes of trait variation, corresponding to strategies of plant size and resource
economics (Diaz et al., 2016). Tundra trait space could be constrained along both size and
economic dimensions (1), along only the size dimension (2), or exhibit no strong constraints
(3). Trait variation could be primarily expressed among species (a), or could exhibit high
within-species variation, with larger overlap between species-level or functional group-level
traits (b).

Fig. 3 Responses of six key plant traits to temperature across five different study types
including: (1) temperature—trait relationship (community-level analyses based on a
community-weighted trait means (CWM) at sites across a temperature gradient); (2)
temperature—trait relationship (intraspecific analysis based on multiple populations of the
same species across a temperature gradient); (3) in situ warming experiments; (4)
temperature sensitivity (correspondence between interannual variation in traits and
temperature); and (5) change over time (temporal trends). Green arrows, temperature—trait
relationships in wet sites; orange arrows, temperature—trait relationship in dry sites; pink
arrows, temperature—trait relationships with summer temperatures, blue arrows,
temperature—trait relationships with winter temperatures; purple arrows, temperature—trait
relationships to both winter and summer temperatures; grey arrows, temporal analyses.
Solid arrows indicate relationships based on cross-site synthesis, dashed arrows indicate

the findings of individual site or species-specific studies.

Fig. 4 Trait change links to ecosystem functions such as surface albedo, energy balance,
soil temperature, biogeochemical cycling and carbon storage. Changes in these key
ecosystem functions could create feedbacks to the global climate system. Currently the
direction and magnitudes of many of these feedbacks remain uncertain. Trait data and
analyses have the potential to fill in the gaps in ecological data syntheses and Earth System
models to improve the quantification of the ecological feedbacks of tundra ecosystem
change (Wullschleger et al., 2014).

This article is protected by copyright. All rights reserved.



[ Leaftraits
. Structural traits
Chermical traits
() Rooting depth
. Root-shoot ratios

Figure 1

Tansley Insight 27206

This article is protected by copyright. All rights reserved.



Acquisitive

Global
trait space

Smaller Larger

Tundra
trait space

Conservative

Figure 2

Tansley Insight 27206

This article is protected by copyright. All rights reserved.



tearlier vs |later

Prevéy et al. (2017)

At ef af. (1998)
Schmid et a/. (2017)

Temperature—trait | Temperature—trait Experimental Temperature Change
relationship relationship warming sensitivity over time
{CWM) (intraspecific) Hudson et af. (2011) Bjorkman ef al. (2018) Bjorkman ef at. (2018)

Trait Bjorkman et af. (2018) Bjorkman et al. (2018) Baruah et af. (2017)

A
Plant height ‘ T H T
Specific a E""
leaf area [ T v
Leaf dry |
matter content l 1 rep
Leaf nitrogen ‘ T p —_—

A
Leaf area ‘ T £ —

i 4 4 :

Flowering = (Arctic) : (Arctic) §(alpine) | | (Arctic) § (alpine)
phenology ? = =

Oberbauer ef al. (2013)
Prevéy et al. (2017)

Figure 3

Tansley Insight 27206

T
Spatial relationships

This article is protected by copyright. All rights reserved.




Structural traits
e.9. height and stem specific density

Trophic

interactions -~

Alter canopy structure, shading, show
trapping and soil temperatures

Leaf traits -~
e.g. specific leaf area,
leaf dry matter content, |

Reproductive traits
.| e.g. flowering phenology
"| and seed mass

leaf phenology

Influence photosynthetic
and litter decomposition
rates

Incrgas.ed shrgb and Provide a food and nectar
graminoid species and source for animals
\decreases in bare ground

Surface reflectance

Litter decomposition and energy balance

Below-ground traits
e.g. root phenology and rooting depth |

Determined by freeze—thaw dynamics
of sails; controlled by depth of the
active layer

Figure 4

Tansley Insight 27206

This article is protected by copyright. All rights reserved.



