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Abstract

One of the major challenges in ecology is to predict how multiple global environmental changes will affect future

ecosystem patterns (e.g. plant community composition) and processes (e.g. nutrient cycling). Here, we highlight argu-

ments for the necessary inclusion of land-use legacies in this endeavour. Alterations in resources and conditions

engendered by previous land use, together with influences on plant community processes such as dispersal, selection,

drift and speciation, have steered communities and ecosystem functions onto trajectories of change. These trajectories

may be modulated by contemporary environmental changes such as climate warming and nitrogen deposition. We

performed a literature review which suggests that these potential interactions have rarely been investigated. This cru-

cial oversight is potentially due to an assumption that knowledge of the contemporary state allows accurate projec-

tion into the future. Lessons from other complex dynamic systems, and the recent recognition of the importance of

previous conditions in explaining contemporary and future ecosystem properties, demand the testing of this assump-

tion. Vegetation resurvey databases across gradients of land use and environmental change, complemented by rigor-

ous experiments, offer a means to test for interactions between land-use legacies and multiple environmental

changes. Implementing these tests in the context of a trait-based framework will allow biologists to synthesize com-

positional and functional ecosystem responses. This will further our understanding of the importance of land-use

legacies in determining future ecosystem properties, and soundly inform conservation and restoration management

actions.
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Introduction

Much current ecological research attempts to predict

the future responses of ecosystems to multiple contem-

porary environmental changes, highlighting effects on

ecosystem structure, composition and function (e.g.

Luo et al., 2008; Pereira et al., 2010; Ehrl�en & Morris,

2015). These investigations use fundamental ecological

understanding in attempting to achieve accurate antici-

patory and explanatory predictions (Ollinger et al.,

2002; Kearney & Porter, 2009; Adler et al., 2013; Mou-

quet et al., 2015) and to improve current and future

management actions (Perring et al., 2015). Importantly,

when realized trajectories do not follow projections, or

management outcomes fail to match expectations, we

have an opportunity to refine our conceptual under-

standing by considering other factors that may be

important in influencing ecosystem properties. Here,

we suggest that environmental change studies project-

ing future terrestrial ecosystem states and dynamics

need to take account of the context dependency created

by land-use legacies.

Our opinion article encompasses four main sections.

We first provide a brief synopsis of contemporary land-

use legacy effects on ecosystems while also noting sepa-

rate research in contemporary environmental changes.

Secondly, we contend, through reviewing available lit-

erature, that research projecting the effects of multiple

environmental changes on future ecosystem properties

rarely considers land-use legacies, especially in terms

of plant community dynamics. This is surprising given

the long-acknowledged importance of land-use legacies

for explaining contemporary ecosystem structure and

function (Peet & Christensen, 1980; Foster et al., 2003;
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Lunt & Spooner, 2005) and the increasing presence of

secondary lands such as postagricultural forests on old

fields (Cramer et al., 2008; Hurtt et al., 2011). Our third

section explores why interactions between land-use

legacies and environmental changes have rarely been

emphasized, and outlines arguments and methods to

test for such interactions. Finally, we discuss how a

trait-based approach in conjunction with recent analyti-

cal advances provides the opportunity to synthesize

land-use legacy and contemporary environmental

change effects on community composition and ecosys-

tem function in one framework.

Our intention is to highlight the importance of land-

use legacies in modulating environmental change

effects on ecosystems, so examples come from a range

of systems. However, many of our ideas are illustrated

using vegetation and soil properties from temperate

forests across environmental and land-use gradients.

Firstly, temperate forests cover 16% of the terrestrial

land surface (Hansen et al., 2010), and their under-

storeys typically exhibit slow dynamics, with current

research foci including land-use legacies (Flinn & Vel-

lend, 2005) and contemporary environmental change

(De Frenne et al., 2013b; Maes et al., 2014). In addition,

understoreys typically represent 80% of plant species

richness in temperate forests (Gilliam, 2007) and have a

disproportionately large effect on ecosystem functions

such as nutrient cycling and tree regeneration (George

& Bazzaz, 1999; Olsson & Falkengren-Grerup, 2003;

Moore et al., 2007). Hence, temperate forests, and espe-

cially their understoreys, provide an ideal system to

illustrate our idea that there is a much needed require-

ment to synthesize the research areas of environmental

change and land-use legacy, and reveal the interactive

effects of these factors on ecosystem properties.

Land-use legacies and contemporary global

environmental change: a brief synopsis

Land-use legacies are the abiotic and biotic properties

found at a site due, at least in part, to the influence of

land-use history (Foster et al., 2003). Land-use history is

the sometimes complex successive sequence of human

uses that a site has undergone (Arce-Nazario, 2007;

Ewers et al., 2013). Legacy effects have the potential to

comprise signatures of anthropogenic disturbances

from, for example, fire management (Meunier et al.,

2014), timber harvesting or agricultural land use (Flinn

& Vellend, 2005; Hermy & Verheyen, 2007). Legacies

can be remarkably persistent, even after centuries or

millennia of land abandonment (Dupouey et al., 2002;

Dambrine et al., 2007; Freschet et al., 2014).

In the decade since Foster et al. (2003) stressed the

need to consider land-use legacy in explaining contem-

porary patterns and processes in ecology, further inves-

tigations have affirmed its broad-reaching impact.

These effects are usually quantified by comparing sites

to a reference state in the absence of known land-use

history. Effects include changes to soil resources (i.e.

properties consumed by organisms e.g. for plants:

nutrients or water, Fraterrigo et al., 2005; McLauchlan,

2006; Flinn & Marks, 2007; MacDonald et al., 2012;

Szit�ar et al., 2014) and alterations to environmental con-

ditions potentially influenced by organisms but not

consumed, for example microclimatic temperature

(Manning et al., 2006a) and pH (Koerner et al., 1997).

Biotic changes occur in tandem with these abiotic alter-

ations. Investigations have shown persistent differences

in floral and faunal species composition (e.g. Mitchell

et al., 2002; Rhemtulla et al., 2009; McEwan et al., 2011;

Ewers et al., 2013), genetic effects (Vellend, 2004),

altered recruitment and population dynamics (Flinn,

2007; Comita et al., 2010; Navarro-Gonz�alez et al., 2013)

and varied growth (Baeten et al., 2011) due to land-use

legacies.

Importantly, these legacies do not just alter the con-

temporary state of the system. They alter system

dynamics, and lead to ecosystems being on a trajectory

of change whether that be in terms of community inter-

actions or ecosystem process rates (Fraterrigo et al.,

2006). Herbaceous plant community change through

time has been related to dispersal and establishment

limitation due to legacy effects (Baeten et al., 2010, 2015;

L€ohmus et al., 2014). Across Europe, the compositional

change in herbaceous understoreys is related to denser

canopy cover as forest dynamics react to decreased for-

est management intensities compared to previously

(Verheyen et al., 2012). In a carefully considered inte-

gration of historical ecological data with a biogeochemi-

cal ecosystem model, Gimmi et al. (2013) showed that

litter raking in the forests of the Alps led to a decline in

soil carbon (C). These systems are currently acting as a

C sink as ecosystem processes realign with the contem-

porary absence of litter raking.

Simultaneously with accruing evidence on the

ecosystem effects of land-use legacies, there has been a

burgeoning literature, through observational studies,

experiments and modelling, on the likely impacts of

global environmental changes on future ecosystem

properties (e.g. Luo et al., 2008; Perring et al., 2008; Lan-

gley & Megonigal, 2010; De Frenne et al., 2011; Jarvis

et al., 2013; Savage et al., 2013; Hovenden et al., 2014;

Talhelm et al., 2014). Environmental issues that have

been tackled, initially with single factor studies but

increasingly with multi-factor, and even multilevel,

investigations (e.g. Bradford et al., 2012), include cli-

mate change, enhanced nitrogen (N) deposition and ris-

ing concentrations of atmospheric ozone [O3] and
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carbon dioxide [CO2]. Here, we contend that these envi-

ronmental changes, by affecting resources and condi-

tions, and the ecophysiology of and interactions

between individuals and species, will modulate the tra-

jectories of change in systems already affected by land-

use legacies that have themselves altered resources, condi-

tions and community dynamics. We argue that the poten-

tial for this modulation has been overlooked to date.

This could have important consequences for the funda-

mental and applied learnings we draw from environ-

mental change studies.

Land-use legacies and contemporary global

environmental change: an overlooked interaction?

Our initial argument that any potential interaction

has generally been overlooked is based on a literature

review searching among global environmental

changes (such as nitrogen deposition) and land-use

legacies. We did not include search terms reflecting

ecosystem responses to land-use legacies and global

environmental change (such as habitat, forest or wild-

life change), despite their potential to be considered

as environmental changes in their own right. Such

changes have been considered in ecosystem studies

from a land-use legacy or environmental change con-

text; our contention is that the interaction among

land-use legacies and global environmental changes

has rarely been considered.

In a Web of Science search on 18 October 2015, 126

papers (across all years and all databases) were associ-

ated with a topic keywords search of ‘land use legac*’
and ‘climate change’ (a more restricted subset (101) was

found when including the hyphen in land-use). Alter-

ing ‘climate change’ to ‘sul* depos*’ or ‘nitr* depos*’
or ‘ozone’ or ‘carbon dioxide’ added an additional 2,

11, 1 and 4 unique papers to this list, respectively. In

contrast, searches for keywords separately garnered

385 030 (carbon dioxide), 364 214 (climate change),

136 912 (ozone), 126 828 (nitr* depos*), 91 436

(sul* depos*) and 871 (land use legac*) records. Taking
account of the figures alone suggests potential

interactions either do not exist or are being overlooked,

as well as suggesting land-use legacy has less appeal to

researchers, and could potentially be considered as a

factor of lesser importance in dictating ecosystem

dynamics, than contemporary environmental changes.

These figures may also reflect the difficulties in

unearthing and synthesizing robust historical

information.

Closer inspection of the titles and abstracts of the

144 papers that considered both land-use legacy and

one or more environmental changes confirmed the

impression that potential modulation of ecosystem

trajectories is being ignored. Only 53 papers were of

ecological relevance (see also Holl et al., 2003 for simi-

lar findings of irrelevant search results from a tar-

geted literature search). Six papers hypothesized that

an interaction between legacies and environmental

change may be important for future ecosystem

dynamics (Mayle et al., 2007; Haugo et al., 2010; Sta-

land et al., 2011; Garbarino et al., 2013; Henne et al.,

2013; Gill, 2014). However, results generally demon-

strated the importance of past land use for the con-

temporary ecosystem state, while discussions

suggested a need to take account of environmental

history when projecting the future. For instance, Gar-

barino et al. (2013) showed that settlement patterns

were fundamentally important to explaining current

Alpine forest stand structure and suggested that for-

est harvesting and cattle grazing in past centuries are

critical for understanding how contemporary global

change factors may influence future dynamics. Others

raised the important issue of accurately identifying

the relative influences of environmental history and

climate change when predicting future ecosystem

properties (Haugo et al., 2010; Staland et al., 2011). In

the only experimental investigation of potential inter-

actions between land-use legacy and environmental

change of which we are aware, changes in soil nitro-

gen availability and temperature did not interact with

historical grazing legacies to affect ecosystem pro-

cesses of production and respiration in subalpine

meadows of Utah (Gill, 2014).

Only a few model-based papers provide direct evi-

dence that land-use legacies can interact with future

environmental changes (Ollinger et al., 2002; De

C�aceres et al., 2013; Halofsky et al., 2013). For instance,

Halofsky et al. (2013) showed that land-use legacy

dampened climate change effects on future ecosystem

composition and function. The presence or absence of

land-use legacy also changed expected bird distribu-

tions when simulated under altered fire regimes due to

climate change (De C�aceres et al., 2013). Interactive

effects of land-use history with elevated [CO2] and

[O3], together with N deposition, were revealed for C

dynamics of hardwood forests in north-eastern United

States (Ollinger et al., 2002). Although qualitative pat-

terns in forest responses to environmental changes, fol-

lowing timber harvesting vs. agricultural use and

subsequent reforestation, were similar, N limitations

were weaker in timber harvest simulations and lower

plant C:N led to more responsiveness to increased

[CO2] relative to N deposition (Ollinger et al., 2002).

There is thus limited evidence for interactive effects

among contemporary environmental changes and land-

use legacies, but a few studies highlight its potential

importance.
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Absence of evidence: evidence of absence?

The paucity of evidence for potential interactions

between land-use legacies and contemporary global

environmental changes could be for at least three rea-

sons: (1) the interaction does not (or rarely) exist(s) so

need not be considered; (2) a rationale that projecting

the future only requires knowledge of the present state

of a system, regardless of the extent to which the pre-

sent state depends on land-use legacy; and (3) it is diffi-

cult to show that such an interaction exists now because

we are looking into the future, hence why there is a pre-

ponderance of modelling studies. We will tackle each

of these reasons in turn. This emphasizes that the

absence of evidence highlighted from our review is not

sufficient evidence to ignore a need to test for the inter-

action between land-use legacies and contemporary

global changes when projecting the future.

Assumption that interactions between land-use legacies
and global environmental change do not exist

To illustrate that interactions among land-use legacies

and global environmental changes need considering,

we use a thought experiment that combines multiple

disparate lines of existing empirical evidence from cur-

rently forested landscapes in a tangible manner. Ide-

ally, we would use a case study to illustrate our

synthetic resurvey trait-based framework (presented

later) and demonstrate the existence of an interaction.

However, the data required are not yet available,

although the resurvey approach, in the absence of land-

use legacy information, has been successfully utilized

(e.g. Baeten et al., 2014; Bernhardt-R€omermann et al.,

2015). Here, we aim to highlight arguments for why an

interaction should be borne in mind and later discuss

how this hypothesis could be tested.

Consider walking into two neighbouring forests with

identical structure and composition of the overstorey

tree layer, the same slope, aspect and topography, in

the same climate space. The underlying bedrock is the

same and their contiguous location means that any

large-scale disturbances of the deep past, for example

glaciation, occurred at the same time. Their shared

position on other large-scale environmental gradients

(e.g. N deposition) in conjunction with this shared deep

past means the regional pool of species available to

both sites is also identical. Projecting the future devel-

opment of such systems in the light of environmental

change typically involves modelling their response to,

say, projected climate change and N deposition. How-

ever, in the next paragraphs we will demonstrate how

not considering the past would seriously compromise

the accuracy of these future projections.

Inaccuracy would occur because 300 years previ-

ously one system was cleared and ploughed for crops,

while the other was cleared for pasture (Fig. 1). A hun-

dred years later, changing socio-economic circum-

stances led to both systems being reforested, in this

case via planting of the overstorey with the same spe-

cies with subsequent identical management. However,

the legacies of land use have left different understorey

compositions (Fig. 1a) and markedly different C and

phosphorus (P) stocks in the surface soil (Fig. 1b). In

the case of cropping, all forest understorey species were

lost and a ruderal flora was present in the system at

reforestation with a concomitant marked decline in sur-

face soil C and P stocks due to offtake through the crop,

the absence of litter inputs and no inorganic fertilizer

addition (Flinn & Marks, 2007) [this is contrary to con-

temporary agricultural land which upon abandonment

tends to have high soil P legacies (MacDonald et al.,

2012)]. Meanwhile, the pasture system retained some

typical forest flora and sowing of typical pasture spe-

cies increased species diversity. Surface C stocks were

maintained given continued litter inputs, while P was

little changed due to the return of the majority of nutri-

ents through manure (McLauchlan et al., 2006).

These contrasting legacies mean that, even in the

absence of further environmental changes, systems are

on different trajectories of change, despite superficial

similarity. The system that was previously pasture

exhibited compositional turnover as the system became

reforested, and light-demanding species were shaded

out. However, shade-tolerant forest species that had

been retained in the pasture, for instance, in microrefu-

gia or (rarer) in the seedbank (Bossuyt & Hermy, 2001),

increased in importance as forest grew, potentially lim-

iting the opportunity for other species to recruit as they

pre-empt space and other resources (Baeten et al.,

2010). In the formerly cropped site, viable propagules

remaining in the seed bank, if present, may establish

while dispersal from the surroundings allows the estab-

lishment of other species, potentially with priority

effects determining the community (e.g. initial floristic

composition: Egler, 1954). This could lead to increases

or decreases in species diversity depending on biotic

interactions. From a functional, ecosystem process,

point-of-view, the previously cropped system will be

aggrading C as it adjusts to greater above- and below-

ground litter inputs (Hooker & Compton, 2003). How-

ever, growth, and consequent litter inputs, may be con-

strained by the shortage of P, while the former pasture

maintains its C and P stocks.

Environmental changes will act on the legacies left by

cropping and grazing. Intra- and interspecific interac-

tions and ecophysiological characteristics will deter-

mine population and community responses to these

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 1361–1371
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changes, in conjunction with further immigration of

new species. Ecosystem processes will be directly

altered by changed conditions, while also being indi-

rectly altered through the compositional change (Sud-

ing et al., 2008). In our example, the system that has a

relatively stable pool of soil C will exhibit different

dynamics to the system that is building soil C as it

recovers from previous cropping due to the different P

legacies. For instance, additional N may promote

growth in the former pasture because the system still

has sufficient P and growth is N limited, and thus

inputs into the soil C pool will increase. In the previ-

ously cropped system, lacking in P, N addition may not

enhance plant growth unless it also increases P avail-

ability through, for instance, the stimulation of phos-

phatase enzymes (Treseder & Vitousek, 2001). At the

same time, N addition can have impacts on decomposi-

tion dynamics, which is also related to the availability

of P (Cleveland et al., 2006), and thus the direction of

change in soil C is not obvious.

This hypothetical example clearly shows that it is

important to consider interactions among land-use

legacies and environmental change for both ecosystem

composition and function. Taking soil C, projection of

the direction as well as magnitude of its change in

response to even a single environmental change needs

to take account of the context dependency created by

different land-use legacies. More broadly, this context

dependency needs considering for other ecosystem pro-

cesses, the species composition of the ecosystem, and

also interactions among global environmental changes.

Assumption that projecting the future only requires
knowledge of the present state of a system

The lack of papers examining an interaction between

land-use legacies and global change could be due to an

assumption that knowing the present state of a system

will allow accurate predictions. This also suggests that

if accurate typologies of the myriad abiotic and biotic

legacies created by different land-use histories could be

synthesized (likely an impossible task: Flinn & Vellend,

2005), we could arrive at accurate projections of future

ecosystem properties. However, as the thought experi-

ment shows, ecosystems are on trajectories of change

and knowledge of more than the contemporary state is

required for accurate projection. Such an argument is

reinforced by considering that past conditions are pro-

jected to influence future dynamics of individuals

(Provenza, 1995), ecosystem processes (Ogle et al.,

2015) and complex systems, for example coupled socio-

ecological systems (Liu et al., 2007), biome states (Mon-

crieff et al., 2014) and weather (Lynch, 2008).

Focusing on the ecological literature, there is clear

evidence for the importance of lag effects on current

ecosystem process rates (e.g. Anderegg et al., 2015).

This was recently synthesized by Ogle et al. (2015), who

provided a general analytical framework, stochastic

antecedent modelling, that highlights the importance of

‘ecological memory’ for fully explaining ecosystem

properties, considering the lag, distribution (temporal

pattern) and strength of memory. An additional 18–
28% of variation in four different ecosystem properties
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Fig. 1 A hypothetical example of how land-use legacies strongly affect ecosystem composition and function. Lands previously cleared

for pasture as compared for cropping can exhibit different (a) compositional and (b) functional properties, all else being equal, and as

explained further in the main text. Both panels suggest that ecosystems are on a trajectory of change, and contemporary environmental
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(stomatal conductance, soil respiration, ecosystem pro-

ductivity and tree growth) was explained by applying

this approach, although detailed time series were

required for method utilization.

Most recently, Ryan et al. (2015) have shown how

future ecosystem properties in the face of environmen-

tal change likely depend on antecedent conditions.

Using a semimechanistic temperature-response model

that synthesized 6 years of data from a prairie warming

and elevated [CO2] experiment, they revealed the incor-

poration of antecedent conditions and above-ground

vegetation activity are critical to predicting ecosystem

respiration from subdaily to annual timescales. For

instance, treatment-level differences in ecosystem respi-

ration were attributed to the effects of antecedent soil

temperature and vegetation greenness on the apparent

temperature sensitivity of ecosystem respiration (Ryan

et al., 2015).

In addition to lag effects on process rates, and the

interaction with environmental change, there is also a

need to consider lag effects on community composition.

Different landscape dynamics and past land-use history

can lead to very different compositional properties in

patches that appear in a similar current context

(Ramalho & Hobbs, 2012). In an increasingly frag-

mented landscape, it has been suggested that long-term

persistence (i.e. individual plant longevity) is expected

to play a more dominant role in community dynamics

than long-distance dispersal (Purschke et al., 2012). A

history of fragmentation can lead to extinction debts

and immigration credits for plants (Vellend et al., 2006;

Jackson & Sax, 2010), potentially influencing higher

trophic levels (Bommarco et al., 2014). Ficetola et al.

(2010) showed that knowing the past history of land-

use change aided prediction of the future distribution

of invasive bullfrogs. These time lags in community

dynamics mean that apparently similar communities

can be on different developmental trajectories, and

thus, their future trajectory, even in the absence of envi-

ronmental change, will be different.

Difficulty to show that an interaction exists now because
we are looking into the future

Despite the clear rationale for considering land-use

legacies in projections of environmental change,

another reason for its lack of prominence in the envi-

ronmental change literature may be due to difficulties

in testing the idea ‘in the field’. This is perhaps why the

few examples that explicitly consider an interaction

have generally relied on modelling (but see Gill, 2014).

However, other methods provide the opportunity to

investigate the importance of interactions, in particular

using resurveys across environmental and land-use

gradients, and the careful application of experimental

approaches.

Observational studies are oft-criticized for con-

founding interpretation due to the alteration of multi-

ple factors, making it difficult to accurately partition

variation in response to specific factors, let alone attri-

bute causation (De Frenne et al., 2013a). Indeed, many

land-use legacy papers contain notes to be mindful

that underlying properties, for example soil type or

drainage, may have varied in the ‘original’ landscape,

and different land uses were therefore implemented in

the most appropriate locations; an issue that should

be borne in mind with chronosequences where the

only variable is supposedly time (Johnson & Miyan-

ishi, 2008). Such concerns suggest that contemporary

differences among sites may not be solely due to land-

use legacy and thus make it difficult to unambigu-

ously separate the effects of land-use legacy from

other driving factors. However, these concerns may be

alleviated with careful choice of groups of resurveyed

plots (i.e. plots surveyed at least twice over time for

the ecosystem property under study) (Malhi et al.,

2010; Verheyen et al., 2012). These resurvey plots,

when accurately located on orthogonal gradients of

environmental factors such as climate and N deposi-

tion coupled with reliable historical data on their pre-

vious use, can also avoid issues associated with

pseudoturnover (i.e. changes due to incorrect reloca-

tion rather than actual compositional change) (Vellend

et al., 2013), and allow reasonable attribution of driv-

ing factors behind recorded ecosystem properties. A

recent application of this resurvey approach revealed

that the legacy of atmospheric N deposition had an

important influence on diversity changes between

resurveys (Bernhardt-R€omermann et al., 2015).

A resurvey approach, with a long time period

between surveys, is particularly useful in systems that

exhibit slower dynamics, as is typical of plant commu-

nities in temperate forests or alpine meadows with

many perennials (Dornelas et al., 2013). Resurveys have

an added benefit of taking account of gradients of

change which may reveal nonlinearities in response

which is typically lacking from two-level, factorial

experimental approaches which characterize much of

the environmental change literature (Bradford et al.,

2012). If enough spatially replicated resurvey plots

across environmental gradients can be found, it may be

possible to reveal interactive effects among environ-

mental changes as seen elsewhere (Didham et al., 2007;

Dieleman et al., 2012), as well as between land-use lega-

cies and changing environments. The ability to analyse

multiple resurveys at any given location would be

especially beneficial in the latter case, as similar ecosys-

tem properties at some middle time point but different

© 2015 John Wiley & Sons Ltd, Global Change Biology, 22, 1361–1371
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distributions before and afterwards would confirm that

the accurate projection of future properties requires

knowledge of the past, and not just characterization of

the present state of a system.

Experimental approaches offer a means to unambigu-

ously separate out ecosystem response drivers, and

tease apart the direct and indirect effects of environ-

mental change and land-use legacy on ecosystem func-

tion. Common-garden experiments using soils from

across large-scale spatial gradients with alternative

land-use legacies, with additional environmental

change treatments, could be usefully employed to dis-

entangle the effects of legacies and environmental

change on ecosystem response, and complement paired

approaches such as adopted by Gill (2014). The com-

mon-garden experiments could manipulate composi-

tion and environmental change, to separate direct and

indirect effects, in a similar manner to Manning et al.

(2006b) and Fry et al. (2013), across land-use legacies. In

addition, these experiments, if performed over a suffi-

ciently long period, may also be able to take advantage

of developing analytical approaches that account for

nonadditivity among environmental drivers and sepa-

rate out direct and indirect environmental change

effects on community dynamics (Farrer et al., 2014).

Experimental approaches offer the ability to test for

responses in likely future novel conditions (Williams &

Jackson, 2007), which, by definition, plants in resurvey

plots have not yet experienced.

Synthesis: a trait-based framework for elucidating

land-use legacies and environmental change

The interaction among land-use legacies and environ-

mental change on ecosystem properties may be concep-

tually synthesized using a trait-based approach (Fig. 2)

(e.g. Diaz et al., 1999). This approach allows the integra-

tion of the traditionally divergent fields of community

and ecosystem-level research (Lavorel & Garnier, 2002;

Norberg, 2004; McGill et al., 2006). In the context of

land-use legacies and contemporary environmental

change, the framework needs to consider how the fun-

damental processes of community dynamics, that is

drift, speciation, ecological selection and dispersal (Vel-

lend, 2010) relate to traits, in addition to trait relation-

ships with the direct and indirect effects of forcing

factors on resources and conditions and consequent

ecosystem function (Suding et al., 2008; Smith et al.,

2009).

The trajectories of species composition and diversity

depend on community assembly as well as related pop-

ulation processes (Peet & Christensen, 1987). Assembly

can be related to four, logically distinct, fundamental

processes. Species are added to communities via specia-

tion and dispersal, with relative abundances then being

determined by drift and selection as well as ongoing

dispersal (Vellend, 2010). The outcome of two of these

processes, dispersal and selection, clearly depend on

species traits; the others (drift and speciation) influence

Land-use history

Land-use legacies

Global environmental
changes

Fundamental
community
processes*

Resources and conditions

Community traits

Biodiversity
e.g. species richness,
species composition

Ecosystem processes
e.g. nutrient cycling,
carbon sequestration

*: drift, speciation,
dispersal, selection

1

Fig. 2 A trait-based framework to understanding the interactive effects of land-use legacies and global environmental changes on

ecosystem properties. Compositional and functional effects on ecosystems can be synthesized through the bridge provided by func-

tional community traits. The distribution of these traits in an ecosystem depends on fundamental community processes set in train by

land-use legacies as outlined in the main text. Legacies, and contemporary global environmental changes, affect resources and condi-

tions which, mainly through selection, further influence community trait distributions while directly affecting ecosystem processes.

Trait distributions can be related to species composition (Laughlin, 2014) and ecosystem function (Eviner & Chapin, 2003). The biotic

milieu can also influence community processes while ecosystem processes feedback on resources and conditions. Ultimately, the funda-

mental process of speciation can depend on the rarity of the specific resources and conditions at a given site. Ecosystem processes,

aggregated across many sites, feedback to influence global environmental change (dashed arrow 1).
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trait distributions, fundamentally in the case of specia-

tion by potentially adding new trait values. Below, we

concentrate on the deterministic processes of selection

and dispersal, but the potential for trait values to be

modified by drift and speciation should be borne in

mind (e.g. Baeten et al., 2010; Thomas, 2015). In particu-

lar, the rate at which species, and therefore new trait

values are produced, could depend on the frequency of

abiotic conditions which will be altered by environmen-

tal change (Vellend, 2010).

There is clear evidence that fast colonizing species

are favoured by certain plant traits (e.g. seed size, seed

release height, dispersal syndrome) (Verheyen et al.,

2003) at least partly due to phylogenetic relatedness

(Thomson et al., 2011; Baeten et al., 2015). Organisms

possessing advantageous dispersal rates will preferen-

tially arrive into the patch. This though does not mean

they will establish and persist, as a species’ demogra-

phy will depend upon a suite of traits and the selective

environment. The selective environment can be consid-

ered to have three interdependent axes – abiotic

resources, conditions and the biotic milieu. Land-use

legacy leads to altered resources and variation in

growth conditions as explained previously. These dif-

ferent resources and conditions select for different trait

values (and thus plant species) from the pool of avail-

able traits, an availability that is determined by biotic

contingency, via dispersal and the species left from the

previous land use. This can lead to a potential conver-

gence of associated traits through environmental filter-

ing, although priority effects may mean that certain

trait values persist by virtue of species arrival order.

Biotic interactions between the remaining species refine

the trait distribution further, potentially leading to trait

divergence to allow partitioning of resources and con-

ditions among the surviving species (Laughlin et al.,

2012).

Importantly, alterations in resources and conditions

engendered by contemporary environmental change

can lead to predictable, although not always consistent,

variation in trait distributions due to species responses

to the environment (Pakeman, 2004; Pakeman et al.,

2009; Amatangelo et al., 2014). Thus, it is important to

consider how the conditions and resources induced by

a given land-use legacy interact with any given set of

global change drivers to influence the community. Lar-

ger community changes may be expected when the

summed net effects on resources and conditions are

larger. However, there could also be nonlinear

responses to some drivers, for example when the soil

switches from the cation to aluminium (Al) pH buffer

range as a result of acidification, and toxic Al becomes

bioavailable (Blaser et al., 2008). Traits are also

well-established drivers of ecosystem functions, both

above- and below-ground (Eviner & Chapin, 2003;

Bardgett et al., 2014). Taking account of dynamic envi-

ronmental filters should therefore allow projection of

trait responses to the environment and effects on

ecosystems (Suding et al., 2008; Webb et al., 2010), pro-

viding co-variation among traits can be elucidated

(Bardgett et al., 2014). This analysis of covariation needs

extending to dispersal and persistence traits, given their

importance in determining community dynamics and

subsequent ecosystem function.

The resurvey approach, in conjunction with species

trait data that relate species and functional trait values

[e.g. from databases such as LEDA (Kleyer et al., 2008)

and TRY (Kattge et al., 2011)], can allow the analysis of

interactions among environmental changes and land-

use legacies (Fig. 3), as can experimental approaches.

Trait distributions can also be converted into both com-

positional and functional outcomes by taking advan-

tage of recent analytical developments (Laughlin, 2014),

providing relationships among traits, species identity

and ecosystem function are robust. By considering trait

distributions, intra- as well as interspecific variation

can also be accounted for, although it is likely this will
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Fig. 3 Applying the trait-based framework to reveal how envi-

ronmental change can modulate the trajectory of ecosystem

responses to land-use legacy using resurvey data. At low nitro-

gen (N) deposition, a low (Land-use legacy 1) and high

(Land-use legacy 2) soil phosphorus (P) content have similar

responses between resurvey periods (t1 and t2) in their trait dis-

tributions (the response ratio shown on the y-axis). However,

with high N deposition, a high soil P legacy from the former

agricultural land use allows a much greater response in the trait

response ratio due to hypothesized N limitation. In contrast, the

attainment of P limitation at site 1 constrains the trait response

to additional N deposition. In this hypothetical scenario, all

other variables appear equal, for example overstorey composi-

tion, water, light, soil pH and temperature environment and, for

simplicity, we do not consider additional environmental

changes and their interactions, which may further modify trait

distributions.
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require in-field collection efforts as trait databases

would tend to favour the use of single mean values.

This intraspecific variation may be important for com-

munity processes (Bolnick et al., 2011) and may be

related to resources and conditions (Kumordzi et al.,

2014).

Concluding remarks

The past has already been shown to be important in

predicting the future in dynamic systems, ecological or

otherwise. However, we are generally ignorant of the

past’s absolute and relative importance in determining

ecosystems’ likely future properties in the face of multi-

ple environmental changes. We suggest that abiotic and

biotic legacies of former land use can modulate the

impact of multiple environmental changes on future

ecosystem composition and function. Effects will be

dependent on the extent to which global change drivers

alter the resources, conditions and community pro-

cesses that are themselves legacies of historical land

use. Virtually all existing investigations have used

modelling approaches to explore this interaction. We

highlight that opportunities exist through observational

resurvey and experimental avenues to further elucidate

the importance of land-use legacies to better under-

stand the impacts of environmental changes across sys-

tems. A trait-based framework that especially considers

the fundamental community processes of dispersal and

selection, while being mindful of speciation and drift,

offers the means to synthesize compositional and func-

tional responses. This framework can also consider the

direct and indirect functional effects of changes in

resources and conditions brought about by multiple

environmental changes and land-use legacies when

combined with suitable experimental tests. Elucidating

these pathways will have valuable implications as we

try to mediate biodiversity loss and maintain ecosystem

services through management actions. This imperative

is gaining in importance as more and more of the globe

is recognized as having legacies associated with previ-

ous land use. We suggest that only by recognizing the

importance of land-use legacies will we achieve a syn-

thetic understanding of environmental change effects

on ecosystems.
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