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Abstract Understanding the factors that limit species distributions has become increasingly
important in the face of rapid climate change. Many approaches have been used to predict
responses of species and communities to new environmental challenges, including species
distribution modelling, glasshouse and growth cabinet experiments, and small-scale field
manipulations, all of which have both advantages and limitations. Here, we review the use
of a powerful, direct method to predict how species and communities will respond to the
changing climate: the field transplant experiment. We discuss how transplant experiments can
elucidate the factors that limit species distributions; disentangle the role of genetic change vs.
phenotypic plasticity in species’ responses; and improve understanding of the role of species
interactions in driving community change. Several generalisations about potential species’
responses to climate change are emerging from these studies, including the critical role of
specific life stages in response to warming trends, the role of natural enemies and new hosts in
limiting or promoting adaptive capacity, and the role of niche saturation in conferring
community stability at a functional guild level. Transplant experiments have also confirmed
likely mechanisms of recent range shifts and highlighted the potential for some modelling
exercises to overestimate future range changes. With the prospect that accelerating warming
over the next few decades will increase extinction rates and accelerate ecosystem degradation,
we urge researchers to utilise this powerful but underused method more widely.
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1 Introduction

It is nearly seven decades since publication of the extraordinary 30-year-long study on the
ecology of the yarrow Achillea lanulosa by Jens Christen Clausen and colleagues, a paper
often credited with introducing the transplant experiment as a technique for distinguishing
genetic from environmental effects on species populations (Clausen et al. 1948). A decade
later, Joseph Connell transplanted the barnacles Chthalamus stellatus and Balanus balanoides
to different heights within a Scottish inter-tidal zone to tease out the role of physical factors vs.
biological interactions in determining the species’ distributions (Connell 1961). These classic
studies laid the groundwork for many hundreds, possibly thousands, of field manipulations to
understand the most fundamental question in ecology—why do species live where they do?

Fast forward several decades to a time of rapid climate change when the need to address
this basic question is ever more urgent. Several complementary approaches to understanding
future climatic impacts on species and ecological communities are being harnessed. Species
distribution models (SDMs), based on statistical relationships between present-day occur-
rences of species and environmental variables, are used to assess the location and size of
suitable future habitats (Franklin 2010), but they have well-known limitations, including the
fact that they typically do not incorporate the effects of species interactions into their
predictions (Van der Putten et al. 2010). Nevertheless, there have been considerable advance-
ments in modelling techniques, as these can now incorporate mechanistically informed, niche-
based and demographic models (Wiens et al. 2009) and eco-evolutionary dynamics (Cotto
et al. 2017). Experiments in which temperature, CO2, and other physical factors are manipu-
lated in glasshouses, or in rarer cases, in the field, provide useful information about potential
physical limits but tend to be short-term and in small scale (e.g., Pelini et al. 2011). Inferences
about future changes in community composition and structure have also been made via
observations of species turnover along latitudinal and elevational gradients, essentially using
space for time substitutions to project the future (e.g., De Frenne et al. 2013).

Transplant experiments, in which individuals of a species or groups thereof are moved to
new climatic habitats and their response observed, provide a very powerful direct tool to
glimpse the future, complementing the approaches described above. These experiments have
been used to assess likely future responses of single species or groups of species, changes in
multi-trophic interactions, and shifts in community composition and structure. Here, we
present an overview of the questions addressed by such techniques and synthesise how the
knowledge gained complements other, more commonly used, approaches.

Box—transplant experiments
Field transplant experiments involve establishment of individuals of species, or groups thereof, in new locations

where they are subject to a range of different climatic and other environmental factors compared to those at the
source location (Fig. 1). In most experiments, individuals or communities have been transplanted between
different locations within the known geographic range of the species or community (Fig. 1a, #1, #3). In others,
transplantation has occurred at the range limit, or in a few cases, outside the current range (Fig. 1a, #2).

Investigations of the relative importance of genetic vs. environmental drivers may also involve transplantation
of individuals from multiple locations within the current range (Fig. 1a, #3). The majority of studies published
to date have involved reciprocal transplants (Fig. 1a, #1) of plants, insects, or soil cores between colder and
warmer areas within the current range of the species of interest. Most have been carried out in the Northern
Hemisphere and have used transplant sites at different latitudes (Fig. 1b) or elevations (Fig. 1c) to achieve
temperature changes of ~2–3 °C, thus simulating aspects of the projected climate of the near to mid-term

future (~20–40 years). The most common measures of success for single species have been survival, growth,
and reproduction. Relatively fewer experiments have moved individuals of species completely outside their
known range or have measured changes in species interactions, community structure, or ecosystem processes.

238 Climatic Change (2017) 144:237–255



2 Methods

The transplant studies reviewed here (see Table 1) were obtained by conducting a literature
search in December 2015 using the terms Bclimate change^ and Btransplant experiment^/
Btranslocation^ in BWeb of Science^ and BScopus^. The search also yielded transplant studies
that have been used to address a wide variety of ecological questions, such as to assess
responses of species and communities to pollution (e.g., nitrogen, heavy metal accumulation),
to study the effects of land-use changes and habitat fragmentation (e.g., urban-rural gradients),
to conduct provenance trials (e.g., in forestry), or to investigate responses to increasing
atmospheric CO2. In this review, we focus on a subset of 47 studies that have specifically
used these techniques to address climate change-related impacts. It is possible that some
relevant studies were not found using our search terms due to the use of different keywords.
However, here, we do not aim for a systematic literature review but rather provide an overview
of the current state of the field, synthesising what has been achieved so far, identifying
knowledge gaps and limitations, and pointing to constructive ways forward.

3 Questions addressed by transplant experiments

Transplant experiments have been harnessed to address questions at all levels of ecological
organisation—genetic, species, community, and ecosystem, in a wide range of terrestrial and
aquatic habitats. These questions can be broadly grouped into seven categories:

1
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(a) (b)

(c)

elevation

equator
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1

2
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Fig. 1 Types of transplant experiments. (a) Individuals of species or groups thereof are either (1) transplanted
reciprocally or (2) unidirectional from one source or (3) from several sources within their range or beyond their
current range into a new climate, in a (b) latitudinal or (c) altitudinal fashion. Filled triangles show individuals
within their range, hatched triangles show individuals moved outside of their range into a warmer climate to
simulate future conditions (2; 3). Type 1 tests whether individuals of species are locally adapted and how they
fare in warmer climates. Type 2 tests whether individuals of species can survive in future climatic conditions
beyond their current range. Type 3 experiments can be used to investigate genotypic or environmental adaptation,
by transplanting individuals of species sourced from multiple locations into a new area (3) (in or outside the
range), either at a different latitude (b) or elevation (c)
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3.1 Can recently observed changes in species distributions be attributed to climatic
change over the same period?

The number of studies published over the last two decades that attribute, or partially attribute,
observed changes in species ranges, population sizes, phenology, behaviour, or physiology to
climate change at the particular location over the same period now number many hundreds
(Scheffers et al. 2016). Most commonly, such attribution has been based on a correlation
between an observed species’ response (such as a range expansion at a cold boundary) and
warming temperatures in the same location. In some such cases, transplant experiments have
been used to go beyond correlation to not only confirm a hypothesis about attribution but also
understand the underlying mechanism for the change.

3.2 What are the limits to future adaptive responses?

Shifts to new, more climatically suitable habitat is arguably the best-studied adaptive response
to climate change, and transplant experiments have been used to understand the limits of such
adaptation in plants (Etterson and Shaw 2001; Ibáñez et al. 2009; Marsico and Hellmann 2009;
McCarthy-Neumann and Ibáñez 2012; Van der Veken et al. 2012), butterflies (Merrill et al.
2008; Buckley and Bridle 2014), spiders (Krehenwinkel and Tautz 2013), birds (Burger et al.
2013), and marine invertebrates (Jones et al. 2012).

3.3 What is the relative importance of biotic vs. physical factors in explaining
observed shifts and/or predicting future shifts?

Successful latitudinal or elevational range shifts of species under a changing climate are also
dependent on the presence of suitable biotic factors. Transplant experiments have been used to
address the interplay of biotic interactions, such as herbivory (Merrill et al. 2008; Marsico and
Hellmann 2009; Nooten and Hughes 2014), competition (Marsico and Hellmann 2009;
McCarthy-Neumann and Ibáñez 2012; Alexander et al. 2015; Tomiolo et al. 2015), and
parasitism (Prior and Hellmann 2013) in such shifts.

3.4 What is the potential for temporal or spatial mismatches in species interactions
in the future?

Idiosyncratic responses of individual species to climate change mean that interactions between
many species will continue to change. Two types of mismatches are commonly described:
temporal mismatches refer to the decoupling of life cycle events (phenology), while spatial
mismatches may arise through differential changes in distributions of interacting partners.
Transplant experiments have provided useful insights into the flow-on impacts of altered inter-
actions among plants (Alexander et al. 2015; Tomiolo et al. 2015), between plants and pollinators
(Forrest and Thomson 2011), and between plants and herbivores (Garibaldi et al. 2011).

3.5 What is the capacity for climate change to fundamentally alter community
composition and structure?

Three main types of transplant experiments to test community-level questions have been
employed. Firstly, groups of species, such as blocks of vegetation with soil, have been moved
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into new areas. Secondly, individuals of single species that provide habitat for others have been
transplanted into new sites and subsequent colonisation in situ monitored over time. The third
type is a combination of the first two, where turf blocks with soil are transplanted into
predicted climates and individuals of species added to them to assess the effects of novel
and/or current competitors in plant communities (Alexander et al. 2015). The focus of
experiments at the community level has generally been plants (Bruelheide 2003; Ström et al.
2011; Alexander et al. 2015), herbivorous insects (Andrew and Hughes 2007; Heimonen et al.
2014; Nooten et al. 2014), soil invertebrates (Briones et al. 1997; Todd et al. 1999; Budge et al.
2011), and more rarely, insect communities comprising both herbivores and non-herbivores
(Nooten et al. 2014).

3.6 How will climate change alter ecosystem functions such as nutrient cycling?

Fundamental ecosystem processes, such as nutrient cycling and decomposition, are likely to
alter as the climate continues to warm, leading to concern about the fate of carbon (C) and
nitrogen (N) stocks in soil. Elevational transplantations of soil cores either in a reciprocal
fashion or downslope to warmer sites have been used to investigate the response of soil C and
N in warmer and drier climates (Link et al. 2003; Rey et al. 2007; Garten 2008; Bimüller et al.
2014).

3.7 What is the role of genetic vs. environmental drivers of change?

Reciprocal transplants, in which individuals are Bswapped^ between sites, have frequently
been used to disentangle the effects of genotype, i.e., Bsite of origin effects^, and environ-
mental factors, i.e., Blocation effects^. Individuals can be transplanted in a reciprocal fashion
between contrasting areas of their range (Fig. 1a #1) or from multiple sites of origin into a
warmer climate (Fig. 1a #3) to assess how they respond to new environmental conditions.
Genotype or phenotype can affect species interaction strengths (Barton 2011; Garibaldi et al.
2011), phenology (Frei et al. 2014), and physiology in terms of fitness and survival (De Frenne
et al. 2012; Meineri et al. 2013).

4 Experimental designs

Experimental designs vary considerably among transplant studies reviewed here (Table 1) (for
a more extended critique of the experimental designs used in general transplant experiments,
see Hargreaves et al. 2014). Generally, individuals of a species or group thereof have been
sourced from a single location by collecting seeds/seedlings (plants) or individuals (animals)
and transplanted into new climates, mainly in sites at different latitudes (43% of the reviewed
studies) or different elevations (40%). A few studies have transplanted along longitudinal
gradients (4%), a combination of longitude and latitude (4%), or locally in close proximity
(9%). Distances between source and transplant sites range from just over 100 km (Marsico and
Hellmann 2009) to more than 2000 km (Ågren and Schemske 2012), corresponding to 1–20°
latitude or from 50 (Bennington et al. 2012) to 1200 m (Frei et al. 2014) in elevation. Most
studies have focused on exposing transplants to increases in average annual temperature (56%
of studies) ranging from ~1 (Byars and Hoffmann 2009) to ~10 °C (Ågren and Schemske
2012). A minority of studies (10%) have focused on achieving significant precipitation
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differences ranging from 60 to 500 mm p.a. Even fewer studies (7%) have examined
differences in soil moisture. About a quarter (26%) examined two climate variables in
combination, generally temperature and either precipitation or soil moisture/humidity. Exper-
imental duration has varied from ~2 months to more than 30 years, with the majority of the
experiments lasting about a year. A few studies have repeated the experimental design over
multiple years—for plants (Ibáñez et al. 2008; Ibáñez et al. 2009; Ågren and Schemske 2012;
McCarthy-Neumann and Ibáñez 2012) and butterflies (Buckley and Bridle 2014). In these
cases, the trends found were generally consistent across replicate years.

5 Emerging generalisations

The volume of published papers addressing the ecological consequences of climate change is
vast and growing exponentially. AWeb of Science search on the terms Bclimate change^ and
Bspecies^ or Becosystems^ over the period 1997–2006 produces a list of approximately
180,000 papers. In the following decade (2007–May 2016), over half a million papers were
published. Even a cursory perusal of this literature reveals that the majority of such papers
provide at best, correlative data on observed or potential impacts. Speculation about the future
is rife and is rarely based on detailed understanding of the limits to, and potential of, species
and community responses. While published transplant studies are a very modest proportion of
this burgeoning literature, and, as noted above, have varied markedly in experimental design
and duration, we argue that they are beginning to provide the necessary underpinnings to
convert speculation to more confident prediction. In many cases, the results are unsurprising/
intuitive but are no less valuable for that. Based on a synthesis of 47 transplant studies
(Table 1), we offer the following broad generalisations:

5.1 Transplants can provide convincing evidence for attribution of recent range
shifts to climate change

Expansions of species’ ranges to higher latitudes or elevations have been recorded for
hundreds of species globally over the past few decades, consistent with being a response to
the changing climate (Scheffers et al. 2016), and further range shifts are expected. In many
cases, contractions at the warmer edges of ranges appear to be lagging behind expansions at
the cooler edges. Assessment of the performance of individuals transplanted to warmer and/or
cooler sections of a historical range has been used to test hypotheses about warm boundary
contractions in several taxa including mussels, barnacles, and butterflies. On the US east coast,
acorn barnacles (Semibalanus balanoides), for example, were moved to three transplant sites,
spanning most of the species’ historical range; barnacle survival decreased dramatically at the
lower latitude (warmer) site, corroborating the hypothesis that climatic unsuitability had driven
the 350-km-range contraction observed over the last half century (Jones et al. 2012). Trans-
plants were also used to investigate the 100-fold decline in abundance of the rough limpet
(Collisella scabra) along its poleward 300-km-range edge (Gilman 2005). Transplantation of
the limpet showed that increased mortality at the cold edge was associated with lower
maturation rates, an effect particularly pronounced under limiting food conditions (Gilman
2006). In mountainous Spain, the survival of eggs of the black-veined white butterfly (Aporia
crataegi) transplanted along an elevational gradient decreased at low elevation sites (Merrill
et al. 2008), providing an explanation for observed contractions at the warmer range edge.
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5.2 Importance of climatic impacts on vulnerable overwintering stages
in determining range expansion and contractions

In addition to providing empirical evidence of climate attribution for range changes, some
experiments have been able to identify the likely mechanism by which the change has
occurred. The wasp spider Argiope bruennichi, for example, has recently undergone a range
expansion at the cooler edge of its distribution in Europe (Krehenwinkel and Tautz 2013). A
reciprocal transplant experiment in which egg-sacs of the spider were collected from popula-
tions at the warm- and cool-range edges revealed an increased overwintering survival of cool-
edge versus warm-edge spiders. A similar release from overwintering vulnerability is the
proposed mechanism by which the sachem, a small skipper butterfly (Atalopedes campestris),
has expanded its range northwards, colonising areas of the Pacific Northwest USA over the
past half century. Transplantation of caterpillars at the cool-range edge and beyond revealed
that recent warming of winter temperatures (~1–2 °C over the last century) accounted for the
expansion by increasing survivorship (Crozier 2004).

5.3 Suitable habitats exist for many species beyond their current ranges even
under present-day climate

The notion that the fundamental niche of a species (the range it could occupy based purely on
physical factors) is generally more extensive than the niche it actually realises (due to limiting
biotic factors) has been a core tenet of ecology since elucidated by G. Evelyn Hutchinson in
1957 (Hutchinson 1959). But despite the long history of the concept, our understanding of
exactly how physical and biological factors limit the ranges of most species remains scant.
This poor understanding now significantly limits our ability to confidently predict the capacity
of individual species to shift range, given either direct changes in climate or changes in
climate-mediated biotic interactions. Experiments that found high survivorship of herbaceous
species transplanted to suitable habitat polewards of their current range limit in Belgium (Van
der Veken et al. 2012) and in western North America (Marsico and Hellmann 2009) provide
examples of potential adaptive capacity.

5.4 Presence or absence of new enemies will significantly influence the capacity
for some species to establish in new, climatically suitable habitats

Transplant experiments have also shown that exclusion of natural enemies such as parasites,
predators, or herbivores (enemy release) or competitors can facilitate the establishment of plant
species in novel areas and enhance growth (McCarthy-Neumann and Ibáñez 2012; Lakeman-
Fraser and Ewers 2013). For example, the New Zealand native Kawakawa tree (Macropiper
excelsum) showed increased survival and growth when transplanted polewards beyond its
current range limit, attributed to lack of herbivory by the caterpillar of the Kawakawa looper
(Cleora scriptaria) (Lakeman-Fraser and Ewers 2013). The jumping oak gall wasp
(Neuroterus saltatorius), introduced on Vancouver Island in Canada, had higher survival rates
in the introduced than in the native region, supporting the enemy release hypothesis (Prior and
Hellmann 2013); however, a translocation experiment revealed increased background mortal-
ity of the wasp in its native range under exclusion of its parasitoid enemies, suggesting that
other factors limit the species in its native range and contribute to its success in its introduced
range. Interspecific competition within the same trophic level had either a negative effect by
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reducing plant survival for four herbaceous common forest understorey species when individ-
uals were transplanted beyond their range limit in Europe (Van der Veken et al. 2012) or a
positive effect by increasing germination success for poleward-transplanted individuals of
Lomatium species in Canada (Marsico and Hellmann 2009).

5.5 Presence or absence of new hosts will determine the success of range shifts
for herbivores

Release from climatically limiting temperatures at a cooler range edge has been found to
result in host plant shifts for several herbivore species such as butterflies. The brown
argus butterfly (Aricia agestis), for example, was observed to shift host plant preference
from rockrose (Cistaceae) to Geraniaceae species throughout its expanding range
(Buckley and Bridle 2014). Butterflies were reciprocally transplanted onto locally oc-
curring host plant patches within the historical range on rockrose and in the expanding
range on Geraniaceae. Butterflies originating from the expanding range showed reduced
egg laying and survival when put onto rockrose plants, whereas butterflies originating
from the historical range were able to lay eggs on both plants (Buckley and Bridle 2014).
This experiment also indicated that the recent shift of host plant preference has led to a
reduced potential for future adaptation because the expanding butterflies performed more
poorly on the non-local host plant species.

5.6 Phenological plasticity reduces the likelihood of uncoupled species interactions

A frequently voiced concern is that decoupling of the life cycles of plants and pollinators
may have significant negative consequences for provision of pollination services in both
native and agricultural systems (Menzel et al. 2006). While much work needs to be done, an
experiment in which the overwintering stages of individuals of eight bee species native to
the Rocky Mountains were reciprocally transplanted to different elevations within their
range revealed that emergence in spring was a phenotypically plastic response, with earlier
emergence at warmer sites matching the onset of flowering of the local alpine plants (Forrest
and Thomson 2011).

5.7 Species distribution models can overestimate capacity for adaptive range
changes

Species distribution modelling is generally considered a useful tool to assess the potential
availability of future, climatically suitable habitat for individual species. SDMs applied to
18 North American forest tree species consistently indicated the potential for range
expansions under future climate scenarios (Ibáñez et al. 2008). Seedlings of species from
the dominant genera Quercus, Acer, Liquidambar, and Pinus, representing both locally
resident species and species predicted to migrate into the study area, were transplanted into
multiple sites in the Southern Appalachian Mountains and in the Duke Forest Piedmont,
North Carolina. In contrast to predictions from the SDMs, seedlings showed lower survival
in plots with lower soil moisture at all sites, indicating that they may not survive or recruit
under predicted future climate conditions (Ibáñez et al. 2008). Furthermore, the growth rate
of seedlings, from both the resident species and those species that may potentially expand
into the sites, was similarly low, indicating that under drier future climates, neither migrant
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nor resident species may prevail, potentially leading to a decline in local species richness
(Ibáñez et al. 2008).

5.8 Beta diversity of many communities along environmental gradients is high,
and community composition is capable of extremely rapid change in relation
to climate

Transplants of host plants have provided evidence that many herbivorous invertebrates are
readily able to colonise novel hosts and that invertebrate community structure and composition
can be driven by both climate and host plant identity (Andrew and Hughes 2007; Heimonen
et al. 2014; Nooten et al. 2014). Monitoring of insect colonisation on plant hosts transplanted
to warmer sites along the east coast of Australia, for example, revealed a marked turnover
(~90%) of species composition compared to the communities supported by the host plants
within their native ranges. Insect colonisation of plants of three rare Banksia species,
transplanted to wetter and cooler sites ~40 km from their native populations in southwest
Australia, came to closely resemble those on closely related, locally occurring individuals of
plant species after just 3 years (Moir et al. 2012). In Sweden, the community composition on
turves of riparian vegetation communities transplanted to deeper levels in the riparian zone to
simulate projected changes in water levels came to closely resemble that at the local (deeper)
site after only 6 years (Ström et al. 2011).

5.9 Niche saturation of insect herbivore communities promotes functional stability

While considerable species-level turnover of invertebrates has been found on transplanted host
plants, communities can also maintain surprising consistency in structure at a functional level
(Andrew and Hughes 2007; Nooten et al. 2014). Experiments in which colonisation of
invertebrate communities on transplanted hosts has been monitored over time indicate that
while profound changes in the composition of herbivorous insect communities may be
expected in the future (Andrew and Hughes 2007; Heimonen et al. 2014; Nooten et al.
2014), niche saturation in these communities means that as individual species drop out of a
community, they are rapidly replaced by others of similar ecology, thus promoting functional
stability at the community level.

5.10 Changes in soil communities may be more affected by moisture than
by changes in temperature

Reciprocal transplants of soil cores between sites differing in temperature and/or precip-
itation have indicated that communities of soil invertebrates respond more strongly to
changes in precipitation than to temperature (Briones et al. 1997; O’Lear and Blair 1999;
Sohlenius and Boström 1999). Transplants resulting in changed soil moisture conditions
have generally led to shifts in the vertical distribution of invertebrate taxa, such as
nematodes and mites, changing both community composition (O’Lear and Blair 1999;
Sohlenius and Boström 1999) and structure (Todd et al. 1999). These experiments overall
show similar species-specific responses to those of aboveground taxa (Briones et al.
1997; O’Lear and Blair 1999). At the level of functional guilds, responses depend on the
feeding type, with herbivore guilds showing the strongest and most consistent positive
responses to increased soil moisture (Todd et al. 1999).
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5.11 Climate change may have serious consequences for loss of soil carbon
and nitrogen

Transplants of plant-soil-microbe mesocosms to warmer sites in beech forests in southern
Germany showed a decrease in stable soil N (Bimüller et al. 2014). A loss of organic C content
in forest soils was found when soil cores were transplanted from high to low elevation sites in
the southern Appalachian Mountains in the US (Garten 2008). Transplanting soil cores from
mountainous and intermediate sites into warmer coastal sites led to a decline in both soil C and
N in a rye grass- and clover-dominated semi-natural grassland system (Rey et al. 2007); in
addition to C and N decline, the greater the warming, the higher were the CO2 emissions of the
transplanted soils, indicating positive feedbacks to the climate system. Intact soil-herbaceous-
plant cores, transplanted between low and high elevation sites in a shrub-steppe ecosystem in
southern Washington State, lead to a decline in N and C content in semi-arid soils under
warmer and drier conditions, whereas no effect was found for production characteristics of the
associated plants in terms of density and shoot biomass (Link et al. 2003). In a Californian
grassland system, decomposition rates in plant litterbags transplanted to simulate a drier
climate decreased, indicating a shift in the composition of the microbial community (Allison
et al. 2013). These kinds of experiments suggest that under future climate conditions, soils in
many ecosystems, ranging from forests to grasslands, might release key nutrients, leading to a
decreased availability of N and C for standing vegetation and potentially driving changes of
plant community composition and structure.

6 Situations where generalisations are proving elusive

6.1 Role of local adaptation

The capacity for species to adapt to the rapidly changing climate, whether in situ or by shifting
to habitat elsewhere, is likely to be constrained if the genetic correlation between multiple traits
is antagonistic to the direction of selection (Etterson and Shaw 2001), or if local populations
exhibit a high degree of adaptation to current, local conditions (O’Neil et al. 2014; Boshier
et al. 2015). Transplant experiments in which the performance of plants from multiple local
populations has been compared among control and sites with different climates have produced
a wide variety of outcomes. In some cases, the local genotype performed best, indicating
strong local adaptation (Ågren and Schemske 2012; Bennington et al. 2012; De Frenne et al.
2012), whereas in others, significant phenotypic plasticity resulted in positive performance
under changed environmental conditions at the transplant sites (Byars and Hoffmann 2009;
Pluess et al. 2011; Meineri et al. 2013; Frei et al. 2014). Differences in home site advantage for
different species within a single experiment have been found, e.g., translocation experiments
with two species of butterflies, the Propertius duskywing (Erynnis propertius) and the Anise
swallowtail (Papilio zelicaon) in British Columbia (Canada), indicated local adaptation for
fitness-related parameters for one species but not for the other (Pelini et al. 2009). The
importance of examining the genetic level when evaluating local adaptation revealed a
follow-up study that compared whole transcriptome expression of the same butterfly species,
identifying population-specific patterns in both species (O’Neil et al. 2014). Species-specific
and population-specific differences may continue to inhibit generalisations about questions of
local adaptation.
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6.2 Interaction strength of species interactions

Transplant experiments have also been used to assess how species interactions, such as
herbivory or predation, might be affected by future climates. No generalisations have emerged
as yet in regards to herbivory, with both positive and negative changes reported. Reciprocally
transplanted seedlings of the southern beech, Nothofagus pumillo, to different elevations in the
Andes experienced increased herbivore pressure at warmer sites (Garibaldi et al. 2011). In
contrast, little change in herbivore type and pressure was experienced by shrubby understorey
plants transplanted to warmer sites in southeast Australia (Andrew and Hughes 2007; Nooten
and Hughes 2014).

7 Limitations and caveats

Transplant experiments, like any other approach to predicting the future, have limitations. For
example, when individuals of species are transplanted towards the equator or downslope in
elevation into a new climate, there will always be a level of uncertainty as to the match of
future conditions. Transplanted individuals may also be affected by a range of uncontrolled
variables, including differences in soil properties, photoperiod, biotic interactions, and com-
munity dynamics, that confound interpretation of results. Transplants of individuals outside the
species’ current range may also face new enemies and competitors, which could affect their
survival. Many of these factors can be minimised by careful selection of appropriate field sites,
e.g., in a similar habitat, soil, and vegetation structure, but caveats on interpretation will always
be necessary.

8 The power of the transplant: conclusions and next steps

Published transplant studies still comprise a small portion of the published literature on climate
change impacts on species and ecological communities (see above). Among the likely reasons
for this include the fact that these experiments tend to be more costly, especially in terms of
labour, than other methods of understanding the ecological future. Challenges in finding
suitable transplant sites and then in gaining landholder permission to perform the work can
also present barriers. Notwithstanding these practical difficulties, these experiments provide a
range of advantages over the more traditional glasshouse or growth chamber experiments for
addressing the challenges of understanding future impacts on multiple, interacting species in
communities, because multiple factors—abiotic and biotic—can be assessed simultaneously,
and over longer time frames.

When such experiments have been employed, they have provided empirical corroboration
of what would otherwise be speculation and new insights into the relative importance of biotic
vs. abiotic factors in determining species ranges; the role of genotype vs. phenotypic plasticity
in shaping population and species responses; potential changes in both composition and
structure of communities; and how fundamental ecosystem processes may alter.

Transplant experiments in the future could increasingly incorporate new genetic tools, such
as those employed by O’Neil et al. (2014), using expression assays to identify putative genes
of local adaptation to climate. Further, transplant experiments could be combined with in situ
experiments using localised temperature manipulation or open/closed top chambers. They
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could also prove useful to test cutting-edge model predictions such as those incorporating
niche-based and eco-evolutionary dynamics (Cotto et al. 2017).

Of the papers reviewed here, the majority (>70%) describe experiments that moved
individuals within the species’ existing geographic range. Given that the world is very likely
to warm least ~2–4 °C in the next century (IPCC 2014), we need to push these limits further,
undertaking bolder, more co-ordinated, multi-taxa and multi-biome experiments, taking spe-
cies into climates likely to prevail in the second half of the 21st century. The prospect that a
4 °C warming could put a sixth of the earth’s species at increased risk of extinction (Urban
2015) adds urgency to this task.
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